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SUMMARY
ESR o f R apid ly  H eated Coals
E le c tro n  sp in  resonance has been used to  examine th e  f r e e  r a d ic a ls  
in  chars  p rep ared  by h e a tin g  co a ls  to  tem p e ra tu res , in  th e  range 400°C 
to  above 2000°G in  th e  fo llo w in g  tim es: 1 ms, 20 ms, 180 s and se v e ra l 
hou rs .
I t  was concluded th a t :
The s ta b le  f r e e  r a d ic a l  c o n c e n tra tio n  o f chars  was c r i t i c a l l y  dependent 
on th e  r a t e  and d u ra tio n  o f h e a tin g .
In c re a se s  in  f r e e  r a d ic a l  c o n c e n tra tio n  were concom itant w ith  th e  r e ­
le a se  o f v o la t i l e  m a tte r.
Free r a d ic a ls  e x i s t  i n  e l e c t r i c a l l y  non-conducting chars  from  which th e  
bu lk  o f t h e i r  v o la t i l e  m a tte r  has been re le a s e d  by h e a tin g  in  excess 
o f  2000°C f o r  about 1 ms.
By h e a tin g  CRC 301b co a l to  660°C in  180 s a char co n ta in in g  a p p ro x i­
m ately 1 u n p a ired  e le c tro n  p e r 100 carbon atoms i s  produced;
Oxygen e f f e c t s  were found f o r  a l l  th e  c o a ls  and chars  examined re g a rd ­
le s s  o f carbon co n ten t o r h e a t tre a tm e n t.
The P roduction  o f A cetylene from Coal P roducts by Submerged A rcs
A study  has been made on th e  use o f a submerged a rc  f o r  th e  p ro ­
d u c tio n  o f a ce ty le n e  from co a l-b ased  fe e d s to c k s . Three la b o ra to iy  
s c a le  ap p ara tu ses  were c o n s tru c te d  and o p era ted ; a  con tinuous d .c .  a rc ,  
and two in te r m i t te n t  a .c .  a rc  system s. A nthracene o i l ,  p i t c h ,  and s o l ­
ven t e x tra c ts  of co a l were examined to g e th e r  w ith  phenanthrene and 
l iq u id  p a r a f f in  f o r  com parison.
I t  was concluded th a t :  >
The com position  o f th e  gases produced in  th e  a .c .  system s depended on 
th e  c o n tro lle d  d u ra tio n  o f th e  a rc s .  • ;
Gases co n ta in in g  up to  5&% V/V  a ce ty le n e  were produced from an th racen e  
o i l ,  b u t th e  c o n c e n tra tio n  o f a ce ty le n e  dropped to  2S% when o p e ra tin g  
a t  240°C w ith  a c o a l 's o lu t io n  c o n ta in in g  25%> w/w  co a l su b s tan ce .
The e l e c t r i c a l  energy consum ption was about 7 kWfy/kg o f a c e ty le n e ,
i . e .  about tw o -th ird s  th a t  o f th e  C arbide p ro cess .
The o v e ra l l  y ie ld  o f a ce ty len e  cou ld  n o t exceed 25% w/w  f o r  arom atic  
co a l-b ased  fe e d s to c k s .
The la rg e  amount o f s o l id  carbonaceous m a te r ia l  produced cou ld  n o t .e a s i ly  
be se p a ra te d  from th e  feed s to o k .an d  was an u n d e s ira b le  p ro d u c t.
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PREFACE
The work described in this thesis contributed to two programmes 
of the Chemistry Department of the British Coal Utilisation Research 
Association (BCURA). A s  part of a programme: on the "Chemistry of 
Combustion" an ESR study was made of .chars prepared by rapidly heating 
particles of coal and as part of a programme on "Chemicals from Coal", 
a submerged arc process for the production of acetylene from coal prod­
ucts was examined. Therefore the work is described in the thesis in 
two separate parts. However, as the materials examined in both parts 
are derived from coal an introductory chapter is devoted to briefly 
summarising coal, its behaviour on heating and solvent extraction.
COAL
( i )  Origin, Petrology and Classification
N ature has produced from wood and o th e r  p la n t su bstances by i l l -  
d e fin e d  b io lo g ic a l ,  chem ical and p h y s ic a l p ro c e sse s , over p e rio d s  of 
m illio n s  o f y e a rs , carbonaceous substances having d i f f e r e n t  appearances 
and chem ical and p h y s ic a l s t r u c tu r e s .  A range o f th e se  heterogeneous 
s o lid s  has' been g iven  th e  g en e ra l name c o a l. Because o f the- economic 
im portance o f  c o a l a  co n sid e ra b le  amount o f re se a rc h  has gone in to  
de term in ing  i t s  o r ig in  and fo rm ation  and a ls o  in  c la s s i f y in g  t h i s  com­
p lex  range o f su b stan ces ; f u l l  accounts may be found in  th re e  s ta n d a rd  
re fe re n c e  books on c o a l (F ra n c is  19&la; van K revelen 19^1; Lowry 19&3) •
Coal i s  b a s ic a l ly  composed o f b r ig h t  bands (an th roxy lon) d e riv e d  
m ainly from wood and d u l l  bands ( a t t r i t u s )  d e riv ed  from o th e r  m isce l­
laneous p la n t  d e b ris  p lu s  c h a rc o a l- l ik e  powdery in tr u s io n s  betw een th e  
bands. S topes (1919) d is t in g u is h e d  fo u r  m acro sco p ica lly  d i f f e r e n t  com­
ponents o f c o a l : -
V itra in :  "a  coheren t and uniform  whole, b r i l l i a n t ,  )
g lo ssy  indeed  v itr e o u s  in  i t s  te x tu re " .  )
C la ra in : "has a  d e f in i te  smooth su rfa c e  when broken \ BRIGHT
a t  r ig h t  ang les to  th e  bedding p lane  and ) BANDS
th e se  faces  have a pronounced g lo ss  o r )
sh in e : th e  su rface  l u s t r e  i s  seen to  be )
in h e re n tly  banded". )
D urain: "hard  w ith  a c lo se  firm  te x tu re  which )
appears rather granular to the naked eye; ) DULL
a broken face is never truly smooth but ) BANDS
always has a fine lumpy or matt surface". )
F usain : "occurs c h ie f ly  as pa tch es  o r wedges; i t .  ) CHARCOAL-
c o n s is ts  o f powdery r e a d i ly  d e tach ab le , ) LIKE
somewhat f ib ro u s  s tra n d s" . ) SUBSTANCE
M icroscopic exam ination o f c o a ls  re v e a le d  many more o r le s s  
homogeneous c o n s t i tu e n ts  which a re  c a l le d  m acera ls . European nomen­
c la tu r e  has reco g n ised  th re e  g en e ra l m aceral groupings -  Y i t r i n i t e ,  
E x in ite  and I n e r t i n i t e .  V i t r i n i t e  i s  th e  m ajor c o n s t i tu e n t  o f  b r ig h t  
bands o f c o a l which can be hand-p icked  and th e re fo re , v i t r i n i t e  can be 
r e l a t i v e ly  e a s i ly  i s o la te d .  E x in ite  and i n e r t i n i t e  make up th e  d u l l  
bands o f co a l and a re  no t e a s i ly  se p a ra te d . A m aceral in  th e  i n e r t i n i t e  
group, f u s i n i t e ,  i s  th e  major c o n s t i tu e n t  o f  fu s a in . T h is .c a n  be 
i s o la te d  e a s i ly  however, fu s a in  i s  only  a minor component o f c o a l. 
T h ere fo re , as v i t r i n i t e  i s  th e  p r in c ip a l  c o n s t i tu e n t  o f th e  m ajor
component o f co a l most o f th e  s c i e n t i f i c  work on co a l has been concerned 
w ith  v i t r i n i t e .
Also a s s o c ia te d  w ith  c o a l i s  a v a r ia b le  amount o f m inera l m a tte r.
Most o f t h i s  i s  ’extraneous* m a te r ia l  m ainly c o n s is tin g  o f  k a o l in i te ,  
q u a rtz , c a l c i t e  and p y r i t e s ,  though some i s  ’in h e re n t’ be ing  d e riv e d  from 
th e  o r ig in a l  co a l form ing p la n ts .  Good accounts o f th e  m in era l m a tte r in  
c o a l have been given by F ra n c is  (l9^1a) and N elson (1953) • Much .o f th e  
ex traneous’ m inera l m a tte r  can be sep a ra te d  from th e  co a l and g e n e ra lly , 
in  b a s ic  re se a rc h , c o a ls  o f low m inera l m a tte r co n ten t a re  used .
Because many a n a ly t ic a l  procedures f o r  co a l a re  e m p ir ic a l th ey  have 
been s ta n d a rd ise d  by B r i t i s h  S tandards (B .S .) com m ittees. The ’p rox im ate’ 
a n a ly s is  i s  a d e te rm in a tio n  o f th e  a i r  d r ie d  ( in h e re n t)  m o is tu re , ash  and 
v o la t i l e  m a tte r  co n ten t o f  th e  c o a l. The re s id u e  i s  term ed 'f ix e d  carbon ' ; 
which, to g e th e r  w ith  th e  ash and v o la t i l e  m a tte r , a re  o f te n  re p o r te d  on a 
d ry  b a s is .
The organ ic  p a r t  o f  c o a l i s  composed o f th e  elem ents carbon, hydro­
gen and oxygen w ith  sm a lle r amounts of n itro g e n , su lphur and t r a c e s  o f 
many o th e r  e lem ents. The q u a n t i ta t iv e  d e te rm in a tio n  o f  th e  elem ents i s  
term ed th e  ’u l t im a te ’ a n a ly s is  and i s  g e n e ra lly  re p o r te d  on a d ry , m inera l 
m a tte r  f r e e  (d .m .m .f.) b a s is .  In  t h i s  th e s i s  th e  carbon c o n te n ts  quoted 
a re  on a d .m .m .f. b a s is .
S w elling  and a g g lu tin a tin g  p ro p e r t ie s ,  ( i f  any) o f co a l a re  c l a s s i ­
f i e d  by th e  Gray-King coke ty p e  (A to  G10) and B .S. S w elling  index  
(Nos. 1 to  9 ) . G en era lly , c o a ls  w ith  carbon c o n ten ts  in  th e  re g io n  o f 
89 p e r  c e n t, sw e ll on h e a tin g , in  an in e r t  atm osphere, to  produce a s tro n g  
coheren t mass c a l le d  coke. These c o a ls  correspond  to  G v a lu es  on th e  
Gray-King coke type  and th e  h ig h e r  B .S . S w elling  numbers.
The chem ical and p h y s ic a l p ro cesses  brought about by n a tu re  th a t  
cause changes in  th e  e lem en ta l p ro p o rtio n s  in  th e  co a l a re  c a l le d  
’c o a l i f i c a t io n ' p ro cesses  and th e  degree o f c o a l i f i c a t io n  i s  o f te n  r e ­
f e r r e d  to  as th e  'r a n k ' o f a c o a l. The e f f e c t  o f c o a l i f i c a t io n  on th e  
m ajor e lem en ta l p ro p o rtio n s  in  co a l has been found to  fo llo w  a p a t te r n .
A l i f e - t i m e 's  work by S e y le r  produced a s c i e n t i f i c  c o a l c l a s s i f i c a t i o n  
system  based  on e lem en ta l a n a ly s is  o f b r ig h t  c o a ls . S e y le r1s system  can 
be summarised by h is  co a l c h a r t ,  shown in  F ig . 1. The e lem en ta l composi­
t io n  o f a l l  .normal b r ig h t  c o a ls  l i e s  w ith in  th e  b o ld ly  marked band and 
th e  c o a l i f i c a t io n  p ro cess  fo llow s th e  band from r ig h t  to  l e f t .  Coals 
re le v a n t  to  t h i s  th e s i s  a re  marked on th e  c h a r t  to g e th e r  w ith  t h e i r  NCB 
c l a s s i f i c a t i o n .  S e y le r 's  com plete c l a s s i f i c a t i o n  system  a lth o u g h
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s c i e n t i f i c a l l y  e x c e lle n t i s  co n sid ered  too  com plicated  fo r  commercial 
accep tance  and in  G reat B r i ta in  th e  NCB C la s s i f ic a t io n  system  shown in  
F ig . 2 (which i s  based only on v o la t i l e  m a tte r  and sw e llin g  p ro p e r t ie s  i s  
g e n e ra lly  used .
( i i )  Coal S tru c tu re  ( V i t r in i te s )
Chemical
E lem ental a n a ly s is  a lo n e , a lthough  in v a lu a b le  in  c la s s i f y in g  a 
c o a l, g ives l i t t l e  in d ic a t io n  o f th e  chem ical s t ru c tu re  o f a c o a l. In  
f a c t ,  such i s  th e  com plexity  o f  c o a ls , th a t  i t  i s  d o u b tfu l w hether any­
th in g  b e t t e r  than  an approxim ate s t ru c tu re  w i l l  ever be o b ta in ed . How­
e v e r, modern p h y s ica l tech n iq u es  such as X-ray d i f f r a c t io n ,  in f r a - r e d  
and NMR spec troscopy  to g e th e r  w ith  c l a s s i c a l  o rgan ic  methods, has enabled  
co a l models to  be c o n s tru c te d  which, a lthough  no t proven c o r r e c t ,  summa­
r i s e  much o f th e  re se a rc h  in to  c o a l c o n s t i tu t io n  and in d ic a te  some o f th e  
s t ru c tu re s  th a t  may be p re se n t in  c o a l. (F u ll  accounts on th e  c o n s t i tu ­
t io n  o f  c o a l a re  given by Dryden 1963, F ran c is  1961a and van K revelen 
1961).
Coal models developed by th e  p re se n t au th o r of 84.5% and 88.8% 
Carbon co n ten t c o a ls  a re  shown in  F ig s . 3 and 4  r e s p e c t iv e ly .  They a re  
based  on e a r l i e r  models o f a lo w er.ran k  c o a l by Given ( i 960) and Ladner 
(unpub lished  w ork). The average number o f carbon atoms p e r arom atic  
c lu s t e r  used in  th e  co a l models i s  tak en  from th e  X -ray d i f f r a c t io n  r e ­
s u l t s  o b ta in ed  by H irsch  (1958), who found th a t  th i s  number in c re a se s ' 
s low ly  from about 14 a t  78% carbon to  about 18 a t  90% carbon and th en  
r a p id ly  to  about 26 a t  94% carbon c o n ten t.
The hydrogen d i s t r ib u t io n s  were e s tim a te d  in  th e  fo llo w in g  way:
(a) Hydroxyl hydrogen Hqjj was determ ined  by a c e ty la t io n  and 
a c id  h y d ro ly s is  (Given e t  a l  1960)
(b) Aromatic hydrogen Ha r  w a s 'e s tim a te d  from Har/H a q r a t i o s  
(Ha l  = A lip h a tic  Hydrogen) o b ta in ed  by Brown (l955a) 
from in f r a - r e d  s p e c tra ,  by u s in g  th e  fo llo w in g  eq u atio n :
Ha r  = — ( Ht ot a l  “ Hqh ~ Ha r )
Ha l
(c) M ethylene hydrogen Hqj^  was determ ined  d i r e c t l y  from 
b ro a d - lin e  NMR s p e c tra  (Ladner and S tacey  1961 and 1964)
(d) M ethyl hydrogen H q ^  was e s tim a te d  from o x id a tiv e , 
d eg rad a tio n  (B e n t 'e t  a l  1964)
(e) T e r t ia ry  hydrogen Hq#  was e s tim a te d  by d if fe re n c e
Hch = H to ta l  “ (h0H + Hch2 + hCH3 + Har)
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COAL CLASSIFICATION SYSTEM USED BY N.C.B.
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2.0 6 .0 9 .0  11.5 1 3 .5 1 5 .0 1 7 .0  J9 .5 27 .5
VOLATILE MATTER ON DRY, MINERAL
(per cen t . )
3 2 .0  36 .0
- MATTER
4 4 .0  4 7 .0 .
FREE BASIS
 Def ines a general  l imi ta s  found in pract ice , . al though not  a  boundary for c l a s s i f i ca t io n  purposes .
  Def ines a c l a s s i f i ca t i on  boundary,.
NOTES
Coals  tha t  have been af fec ted  by igneous in trus ions ( ‘h ea t -a l t e red ’ co a l s )  occur  mainly in c l a s s e s  
100, 200 and 300, and when recognized should be d i s t ingu i shed by adding the su ff ix H to the  coal  
rank code,  e .g.  I02H, 201 bH.
Coal s  tha t  have been oxidized by wea ther ing may occur  in  any c l a s s ,  and when recogn ized  shou ld  be 
d is t ingu i shed  by adding the suffix.W to the coal  rank code ,  e .g.  801W.
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PROPERTY COAL MODEL
E m p irica l Formula C100H77N2°7 C100H76n2°8
No. o f Carbon atoms p e r 
Aromatic c lu s t e r 16 to  17 14. t o  18
CHa.
■Clfe
NCH y *
i/i /CH 
Cttz ^cH  NCHi
\  i  ^CHi
H-C—
Hydrogon Distribution li­ar; hgk h ch h c h2 HCHj HTotal
Coal 14.3 4 11 32 13 .5 77
Model 14 4 11 32 15 76
F ig . 3 PROPOSED MOLECULAR MODEL OF AN 84.5§& CARBON VITRINITE
PROPERTY COAL MODEL
E m p irica l Formula c1OOh:68n203. C10tfi7 # 2 ° 4
No. o f Carbon atoms p er 
Aromatic c lu s t e r 17 to  18 14 to  18
Hydrogen D is tr ib u t io n ^ a r %H Hch hch2 hCH3 HT o ta l
Coal 20 2 11 21 14 ■ 68
Model 22 2 11 20 15 70
F ig . 4  PROPOSED MOLECULAR MODEL OF AN 83. CARBON VITRINITE
Some o f th e  o th e r  c o n s id e ra tio n s  taken  in to  account when p rep a rin g  
th e  models were as fo llo w s : -
Most o f  th e  oxygen i s  though t to  be in  th e  form o f 
pheno lic  hydroxyl groups and s tro n g ly  con jugated  carbony l 
groups, p robab ly  c h e la te d  to  th e  hydroxyl groups (G-iven 
and Peover I960) and th e  n itro g e n  in  h e te ro c y c lic  r in g s  
(F ran c is  1961b). No s in g le  m ethylene b rid g e s  o f th e  type  
p re se n t in  d ihydroan th racene  a re  used (Brown e t  a l  I960) 
and th e  s t ru c tu re s  a re  com patable w ith  b rom ination  and 
h e a t- tre a tm e n t in v e s t ig a t io n s  by Cunningham e t  a l  (1966).
Coal c o n ta in s  about one u n p a ired  e le c tro n  p e r  2,000 
carbon atoms. The arom atic  systems which c o n ta in 'a n d  s t a ­
b i l i s e  th e  u n p a ired  e le c tro n s  a re  known as f r e e  r a d ic a ls .
P h y s ic a l
Coal i s  porous and n a tu ra l ly  ta k es  up m o istu re . A ir d r ie d , low 
rank  c o a ls , d e sp ite  t h e i r  non-porous and d ry  appearance, can c o n ta in  as 
much as 15% w/w  m o is tu re . The in h e re n t m oistu re  co n ten t o f c o a ls  (See 
F ig . l )  can be used to  o b ta in  a rough guide to  th e  p o ro s ity  o f c o a ls  and 
th e  way i t  v a r ie s  w ith  rank . The h ig h e r p o ro s ity  o f th e  low rank  co a ls  
i s  a t t r i b u t e d  to  t h e i r  open p h y s ica l s t r u c tu r e .  A lip h a tic  u n i ts  which 
l in k  th e  sm all arom atic  la y e r s ,  to g e th e r  w ith  a l ip h a t ic  s id e  c h a in s , 
hydroxyl and quinone groups form a d iso rd e re d  open m olecu lar framework.- 
The arom atic  la y e rs  o f coking c o a ls , w ith  carbon c o n ten ts  o f approx im ate ly  
89^, have th e  most compact p h y s ic a l s t ru c tu re s  and have th e  low est p o ro s­
i t y .  A n th ra c ite s  have la r g e r  arom atic  la y e rs  b u t t h e i r  s t r u c tu r e s  a re  a 
l i t t l e  more open th an  th e  coking c o a ls .
Coals a re  a lso  reco g n ised  as n a tu ra l ly  o ccu rrin g  m o le c u la r-s iev e s  
(Walker e t  a l  1966). There i s  an ex ten s iv e  in te r n a l  s t r u c tu r e  o f  la rg e  
pores and m icropores w ith  s iz e s  down to  a few Angstroms. However, th e  
in te r n a l  pore s t ru c tu re  i s  not always a c c e s s ib le  to  th e  e x te r n a l  su rfa ce  
o f th e  c o a l.
The e lu c id a tio n  o f th e  pore s t ru c tu re  o f c o a ls  re q u ire s  c a r e f u l ly  
s e le c te d  methods and experienced  in te r p r e ta t io n  o f  th e  r e s u l t s  (Spencer 
1967, Spencer and Bond 1966, W alker e t  a l  1966). 'M o lecu lar p ro b es ' 
vary ing  in  s iz e  from d i-b u ty l  p h th a la te  to  helium , to g e th e r  w ith  d i s ­
placem ent d e n s ity  and h e a ts  o f immersion tech n iq u es  have advanced th e  
knowledge of th e  su rfa ce  a re a  and th e  m o lecu la r-s iev e  p ro p e r t ie s  o f 
coals.. For example, c o a ls  have been found to  c o n ta in  e f f e c t iv e  in t e r n a l  
su rface  a re a s  in  th e  o rd e r of 100 mVg, s i tu a te d  in  pores o f w idths
below 40 A and a c c e s s ib le  only  th rough c o n s t r ic t io n s  in  th e  range 4  to  
8 A wide (Bond and Spencer 1958; Chiche e t  a l  19&5)•
T h ere fo re , a p a r t  from having a v a r ia b le  and extrem ely  com plicated  
chem ical s t ru c tu re  co a ls  have an eq u a lly  complex pore s t r u c tu r e ,  which 
i t  i s  ju s t  as im portan t to  u n d ers tan d . A part from l iq u id s  and gases 
being  sorbed  on c o a l, which have to  be co n sid e red  in  most co a l re se a rc h , 
any re a c ta n ts  w ith , o r p roducts  from, co a l have to  pass th rough  th e  
in te r n a l  pores o f the  c o a l.
( i i i )  Combustion o f P u lv e rise d  Coal
Most o f th e  co a l mined in  B r i ta in  i s  used d i r e c t ly  or i n d i r e c t ly
as f u e l .  The p a t te rn  o f co a l consumption i s  c o n s ta n tly  changing b u t in  
re c e n t y e a rs  the  l a r g e s t  s in g le  consumer has been th e  e l e c t r i c a l  g e n e ra t­
in g  in d u s try . In  19&3 over 63 m illio n  to n s  of p u lv e r is e d  co a l were con­
sumed in  th e  g en e ra tio n  o f e l e c t r i c i t y .
The p u lv e r is e d  c o a l used  in  power s ta t io n s  has u s u a lly  been ground 
so th a t  i t  can pass th rough a 72 B .S. mesh s ie v e , i . e .  about 70$ o f th e  
p a r t i c l e s  should  be le s s  th an  75 ym and in  f a c t  o f te n  2Cfo a re  sm a lle r th a n
10 ym. P u lv e r is in g  i s  g e n e ra lly  c a r r ie d  out a t  th e  power s t a t io n  and th e
p u lv e r is e d  co a l e n tra in e d  in  a flow  o f a i r  to  th e  b u rn e rs . The prim ary 
a i r  used to  t r a n s p o r t  th e  p u lv e r is e d  co a l i s  r e l a t i v e ly  co ld  and secondary 
p reh ea ted  a i r  i s  in tro d u ced  a t  th e  b u rn e r. In  p ra c t ic e  th e  s to ic h io m e tr ic  
requ irem ent o f a i r  f o r  com plete combustion o f th e  f u e l  i s  always exceeded 
and up to  4Q?o excess a i r  may be used to  avo id  ex cessiv e  amounts o f  unburn t 
com bustib les . The iquantity  o f excess a i r  n ecessa ry  depends on hov; f in e  
th e  p u lv e r is e d  c o a l i s  ground and th e  d esign  o f th e  b u rn e rs  and com bustion 
chamber. The o b je c tiv e  i s  com plete com bustion w ith  th e  minimum of excess 
a i r  and w ithou t ex cessiv e  m illin g  o f th e  p u lv e r is e d  c o a l which re q u ire s  
power, c a p i t a l  and m aintenance ex p en d itu re .
The b u rn e rs  a re  designed  to  mix in t im a te ly  th e  p u lv e r is e d  c o a l and 
a i r  as th ey  e n te r  th e  combustion chamber o f  th e  b o i le r .  The c o a l p a r t i c l e s  
a re  h ea ted  by h ea t t r a n s f e r  from th e  r e c i r c u la te d  com bustion gases and 
by r a d ia t io n  from th e  flam e and th e  w a lls  o f th e  com bustion chamber. The 
r a t e  o f h e a tin g  i s  in  th e  o rd e r o f 1CA0C /s and in  le s s  th an  a second th e  
c o a l p a r t i c l e s  a re  d e v o la t i l i s e d ,  ig n i te d ,  and th e  v o l a t i l e  m a tte r  and 
char b u rn t p r im a r i ly  to  carbon d iox ide  and w a ter.
The h ea t g en e ra ted  by th e  com bustion o f th e  co a l produces steam 
superh ea ted  to  about 550°C a t  a p re ssu re  o f  about 140 kgf/cm^ (2000 p s ig ) 
which i s  used to  d r iv e  th e  tu rb in e s  used to  g en era te  e l e c t r i c i t y .  The 
h e a t t r a n s f e r  i s  com plicated  by problem s such as d e p o s its  o f a sh , and
h igh  and low tem perature  c o rro s io n  o f  th e  m a te r ia ls  used  to  c o n s tru c t the  
b o i le r s .  The w ater th a t  i s  used to  form th e  steam i s  h ea ted  in  th e  w a lls  
o f th e  combustion chamber, m ainly by r a d ia t io n  from th e  com bustion gases. 
The amount o f h e a t t r a n s f e r  in  th e  combustion chamber i s  c r i t i c a l  because 
th e  com bustion gases must be coo led  to  below about 1100°C b e fo re  p ass in g  
over and co n v ec tiv e ly  h e a tin g  th e  banks o f tu b es  th a t  superhea t th e  steam 
I f  n o t th e  ash p a r t i c le s  s in t e r  on th e  tu b es  u p s e tt in g  h e a t t r a n s f e r  and 
causing  c o rro s io n .
T h ere fo re , in c re a s in g  b o i l e r  e f f ic ie n c y  in v o lv es  bo th  improvements 
in  h e a t t r a n s f e r  and in  th e  com bustion o f  p u lv e r is e d  c o a l. A lready th e  
therm al e f f ic ie n c ie s  in  some la rg e  power s ta t io n s  can be over 90% b u t
such i s  th e  s c a le  o f c o a l consumption th a t  even sm all improvements in  th e
com bustion p rocess a re  im p o rtan t. The com bustion o f p u lv e r is e d  c o a l has 
been s tu d ie d  in  d e t a i l  by th e  BCURA and re c e n t ly  a com prehensive rev iew  
on th e  su b je c t has been p u b lish ed  (F ie ld  e t  a l  19&7)•
( iv )  C arb o n isa tio n
On h e a tin g  co a l in  an in e r t  atm osphere th e  changes th a t  occur a re  
m ainly dependent on th e  r a te  o f  h e a tin g , th e  f i n a l  tem p era tu re , and th e  
rank  and p e tro g rap h ic  com position o f th e  c o a l. Most o f th e  re se a rc h  has 
been c a r r ie d  out by h e a tin g  a t  r a te s  in  th e  range 1 to  10°C/min. and 
m easuring changes as a fu n c tio n  o f tem peratu re  o r by keeping tem p era tu re  
co n sta n t and m easuring changes as a fu n c tio n  o f tim e. The re s id u e  from- 
h e a tin g  a co a l in  an i n e r t  atm osphere i s  g e n e ra lly  r e f e r r e d  to  as a c h a r .
Coke, a s tro n g  coheren t agglom erate i s  a  type  o f ch ar.
Up to  tem p era tu res  o f about 350°C, m o is tu re , sorbed gases and hydro 
carbons a re  d riv en  o f f  (Holden and Robb 1960), oxides o f carbon and o th e r  
sm all m olecules a re  evolved  b u t no major s t r u c tu r a l  changes occu r. The 
tem pera tu re  a t  y/hich c o a l s t a r t s  to  decompose in c re a se s  w ith  ran k  and l i e  
approx im ately  w ith in , th e  range 300-400°C though i t  i s  h ig h e r  f o r  some 
a n th r a c i te s .  Between about 400°C and 600°C, carbon, hydrogen and oxygen 
a re  evolved from c o a l in  th e  form o f  t a r ;  t h i s  s tag e  i s  co n sid e red  by 
van K revelen ( l9 6 l)  to  be th e  'p rim a ry ' c a rb o n isa tio n  o r 'd e v o l a t i l i s a -  
t io n ' s tag e . A ' secondary ' c a rb o n isa tio n  s tag e  fo llo w s a t  about 700°C 
when m ainly methane and hydrogen a re  evolved.
During th e  c a rb o n isa tio n  o f a coking c o a l th e  fo llo w in g  changes in  
appearance occur: th e  co a l so f te n s  in to  a p la s t i c  s t a t e  and th en  sw e lls  
w ith  d e v o la t i l i s a t io n ,  i t  th en  r e s o l i d i f i e s  and sh rin k s  f i r s t  in to  a semi 
coke and f i n a l l y  in to  coke. V i t r i n i t e s  vri-th carbon co n ten ts  below 80.5%  
and above 91% do n o t produce a p l a s t i c  s t a t e .  The e x te n t o f sw e llin g  o f
a c o a l depends on th e  degree o f p l a s t i c i t y ,  and th e  tem pera tu re  a t  which 
’th e  maximum r a te  o f d e v o la t i l i s a t io n  o ccu rs. For example, i f  th e  r a te  o f 
gas e v o lu tio n  i s  h igh  b e fo re  th e  p la s t i c  s t a t e  i s  e s ta b lis h e d , th en  th e  
sw e llin g  w i l l  be poor.
The changes in  e lem en ta l com position th a t  occur on c a rb o n isa tio n  
a re  roughly  summarised by th e  arrow  marked on S e y le r1s c h a r t  (F ig . l ) . 
Though th e re  a re  many s i m i l a r i t i e s  between th e  e f f e c t s  o f c a rb o n isa tio n  
and c o a l i f i c a t io n ,  ju s t  as th e  co n d itio n s  o f  tre a tm e n t a re  d i f f e r e n t  so 
a re  th e  p ro d u c ts .
How co a l decomposes i s  n o t known w ith  any c e r ta in ty ,  a lthough  many 
p o s tu la te d  mechanisms based  on experim en ta l ev idence have been p u t f o r ­
ward. For example, Mazumdar e t  a l  (1962) suggest th a t  th e  non-arom atic  
carbon i s  a s s o c ia te d  w ith  th e  fo rm ation  o f  th e  v o la t i l e  m a tte r  w hile  th e  
arom atic  carbon rem ains as c h a r , whereas D icker e t  a l  (1963) have p re sen ­
te d  evidence to  th e  c o n tra ry . Brown (l955b) has shown th a t  above 400°C 
in f r a - r e d  ab so rp tio n  a t t r ib u te d  to  a l ip h a t ic  s t ru c tu re s  shows a marked 
decrease  and i t  i s  g e n e ra lly  accep ted  th a t  th e  char has more arom atic  
networks as th e  c a rb o n isa tio n  tem peratu re  i s  in c re a se d . S tu d ie s  by 
Cunningham e t  a l  (1966) in d ic a te d  th e  ease  w ith  which hydroarom atic  
hydrogen can be e lim in a te d  from c o a ls . I t  can be seen from th e  c o a l 
models in  F ig s . 3 and 4  th a t  th e  arom atic  netw orks can be en la rg ed  by 
lo s s  o f hydroarom atic  and t e r t i a r y  hydrogen and w ith  th e  ga in  in  s t a b i l ­
i t y ,  due to  in c re a se d  d e lo c a l is a t io n  energy, e lim in a tio n  o f  some o f  th e  
non-arom atic  hydrogen should  occur e a s i ly .
F ra n k lin  (1949-1951) found th a t  I oy/ rank  c o a ls  co u ld  n o t be 
g ra p h it is e d  even i f  h ea ted  up to  tem p era tu res  o f 3000°C. This has been 
a t t r ib u te d  to  s tro n g  l in k in g  between th e  sm all arom atic  la y e r s  which 
occurs du rin g  th e  prim ary c a rb o n isa tio n  s ta g e . Coking c o a ls  have a more 
compact s t ru c tu re  o f arom atic  la y e r s  than  low rank  co a ls  and when th e se  
a re  ca rb o n ised  th e  p la s t i c  s t a t e  i s  thought to  keep them m obile so th a t  
th ey  remain compact and roughly  p a r a l l e l  to  one an o th er w ith o u t s tro n g  
c ro s s - l in k in g . These chars  g ra p h i t is e  e a s i ly .  A n th ra c ite s  produce 
c ro s s - l in k e d  chars  b u t th e  arom atic  la y e r s  a re  l a r g e r ,  more compact and 
p re fe ra b ly  o r ie n ta te d  f o r  g r a p h i t i s a t io n  th an  th e  ch ars  produced from 
low rank  co a ls .. At h e a t- tre a tm e n ts  o f 2000°C h ig h ly  g ra p h i t ic  carbons 
maybe formed. However, as a g e n e ra l is a t io n  th e  r i g i d i t y  o f a l l  c o a l 
s t ru c tu re s  in c re a se s  w ith  in c re a se  in  c a rb o n isa tio n  tem p era tu re  and 
a f t e r  s e v e ra l  m inutes a t  about 600°C th e  e l e c t r i c a l  r e s is ta n c e  o f ch ars  
f a l l s .  (Cannon e t  a l  1 9 4 0 .
The changes in  th e  pore s tru c tu re  o f c o a ls  on c a rb o n isa tio n  have 
been s tu d ie d  by s e v e ra l w orkers ( e .g . F ra n k lin  1949; Bond and Spencer 1958 
Chiche e t  a l  1963). The open p o ro s ity  o f th e  ch ar in c re a se s  w ith  h e a t-  
tre a tm e n t tem peratu re  above 400°C bu t f o r  medium rank coals- th e  pore 
en tran ces  c o n tra c t  above 600°C and by 1100°C th e  in te r n a l  s t ru c tu re  i s  
a c c e s s ib le  only  to  very  sm all m olecules such as helium , neon and hydrogen.
As m entioned p re v io u s ly  th e  changes th a t  occur on c a rb o n isa tio n  
depend to  a  co n sid e rab le  e x te n t on th e  r a te  o f  h e a tin g . D ulhunty and 
H a rriso n  (1953) found th a t  by h e a tin g  s u f f ic ie n t ly  slow ly , a l l  c o a ls  
cou ld  be d e v o la t i l i s e d  w ithou t any sw e llin g , whereas very  ra p id  h e a tin g  
can produce cenospheres i . e .  ho llow  s h e lls  o f ch ar (L i t t le jo h n  1967). 
Chukhanov (1954) no ted  th a t  th e  v o la t i l e  p roducts  from ra p id  h e a tin g  
c o n ta in ed  more t a r  than  th o se  o b ta in ed  from slow h e a tin g . BCURA (Annual 
R eport 1966) confirm ed t h i s  e f f e c t  and found th a t  approx im ately  3C% w/w  
more v o la t i l e  m a tte r  i s  re le a s e d  compared w ith  B r i t i s h  S tandard  proxim ate 
a n a ly se s . Chars p rep ared  by ra p id  h e a tin g  have been examined by ESR 
(Bond e t  a l  1968) and th e  r e s u l t s  a re  th e  s u b je c t o f p a r t  o f t h i s  th e s i s .
In  B r i ta in  co a l i s  ca rb o n ised  f o r  th re e  main rea so n s , to  produce 
m e ta l lu rg ic a l  cokes, co a l gas and sm okeless f u e ls .  At p re se n t th e  most 
im portan t i s  th e  p ro d u c tio n  o f m e ta l lu rg ic a l  coke, in  which th e  o b je c t
i s  to  o b ta in  th e  h ig h e s t p o ss ib le  y ie ld  w hile  en su rin g  a dense , h a rd ,
s tro n g  and u n re a c tiv e  coke s u i ta b le  fo r  use in  b l a s t  fu rn ac es . The c o a l 
gas in d u s try  has in  re c e n t y ea rs  developed in to  a tw o -fu e l in d u s try  mak­
ing  bo th  gas and coke. With th e  e x p lo i ta t io n  o f th e  'n a tu r a l  gas under 
the . North Sea and economic p re ssu re  from th e  o i l  companies th e  p ro d u c tio n  
o f  gas from co a l i s  r a p id ly  d e c lin in g .
In  th e  gas and coke in d u s tr ie s  h igh  tem peratu re  c a rb o n is a tio n  i s  
used , a t  tem p era tu res  up to  about 1400°C th e  co a l i s  s t r ip p e d  o f  i t s  
v o la t i l e  m a te r ia l  le av in g  u n re a c tiv e  coke. These in d u s t r ie s  consumed 
about 50 m illio n  tons o f  co a l in  1963 (Brame and King 1967) and produced
about 25 m illio n  tons o f  coke, 2 .5  m illio n  to n s  o f  t a r ,  108 m ill io n
g a llo n s  o f b en zo le , and gas w ith  a h e a tin g  p o te n t ia l  o f  n e a r ly  4  m ill io n  
therm s. The smokeless f u e l  in d u s try  i s  sm all by com parison and consumed
1.3  m ill io n  to n s  o f  c o a l in  1963, producing 1 m illio n  to n s  o f  f u e l .  T his 
in d u s try  uses low tem peratu re  c a rb o n isa tio n  in  th e  r a n g e -430-700°C.
During th e  h e a t- tre a tm e n t th e  t a r ,  which produces smoke on an open f i r e ,  
i s  removed from th e  c o a l le a v in g  a r e a c t iv e  coke c o n ta in in g  up to  10% 
v o la t i l e  m a tte r.
The crude t a r  from high tem pera tu re  c a rb o n isa tio n  has up to  20%
ammonia l iq u o r  removed from i t  b e fo re  being  sep a ra ted  by d i s t i l l a t i o n  
in to  5 f r a c t io n s  (Brame and King 1967, K iln e r and Samuels 1960):
Up to  170°C -  L igh t o i l s ,  accounts f o r  1-6% of th e  t a r  and co n ta in s
benzene p lus benzene homologues and t a r  a c id s  and b a se s .
170-230°C -  Middle or C arbo lic  o i l  accounts f o r  3-10% o f th e  t a r
and c o n ta in s  t a r  a c id s , phenols and nap h th alen e .
230-270°C -  C reso te  o i l ,  accounts f o r  8-20% of th e  t a r  and c o n ta in s
t a r  a c id s ,  naph thalene p lu s  methyl homologues, 
acenaphthene, e tc .  •
270-350°C -  A nthracene o i l ,  accounts fo r  10-24% o f th e  t a r  and con-
(o r  h ig h er) t a in s  an th racen e , phenanthrene p lu s  o th e r  p o ly -n u c le a r  
hydrocarbons, c a rb az o le , e tc .
R esidue -  P itc h  accounts f o r  50-65% o f th e  t a r  and can have
s o fte n in g  p o in ts  in  th e  re g io n  55~120°C.
Most o f th e  d i s t i l l a t i o n  p ro ducts  a re  e i th e r  used  as fu e ls ' o r as road  
t a r s  b u t th ey  a lso  form a source o f  chem icals.
(v) S o lven t E x tra c tio n
The two main o b je c t iv e s  o f  re se a rc h  in to  so lv en t e x tra c t io n  o f co a l 
have been to  study  co a l c o n s t i tu t io n  and to  produce low ash e x t r a c ts  s u i t ­
a b le  fo r  co n v ertin g  in to  i n d u s t r i a l  chem ical and carbon p ro d u c ts . Dryden, 
(1963) a  prom inent w orker in  so lv en t e x tra c t io n  has review ed th e  s u b je c t 
and as th e  n a tu re  o f  th e  re se a rc h  has been ex ten s iv e  and th e  r e s u l t s  
la rg e ly  e m p iric a l only  a few g e n e ra lis a t io n s  w i l l  be made in  t h i s  summary. 
A ttem pts to  t r e a t  th e  so lv a tio n  o f co a l in  a p re c ise  thermodynamic manner 
have met w ith  l i t t l e  success s in ce  c o a l e x t r a c ts  a re  n o n -id e a l s o lu tio n s  
and co a ls  have unknown m olecu lar w eigh ts.
The most so lu b le  p e t ro lo g ic a l  component i s  v i t r a i n  and th e  l e a s t  
fu s a in  which i s  alm ost in s o lu b le . The h ig h e s t y ie ld s  o f so lu b le  m a te r ia l  
a re  a t ta in e d  w ith  low rank c o a ls , th e  y ie ld  g e n e ra lly  d ec rea sin g  w ith  
in c re a s in g  rank  to  alm ost n e g l ig ib le  p ro p o rtio n s  by 92% carbon c o n te n t. 
P a r t i c le  s iz e ,  m oistu re  co n ten t and th e  p resence  o f oxygen d u ring  e x tra c ­
t io n  a l l  e f f e c t  th e  y ie ld  a t  low tem p e ra tu res . Below tem p era tu res  o f 
about 100°C e x tra c t io n  i s  g e n e ra lly  n o n -sp e c if ic  and y ie ld s  a re  low. The 
e x tra c te d  m a te r ia ls  a re  r e s in s  and waxes which a lthough  no t c h a r a c t e r i s t i c  
o f th e  c o a l as a whole a re  sometimes p re se n t in  s u f f i c i e n t  c o n c e n tra tio n  
to  a t t r a c t  commercial e x p lo i ta t io n  (K leptko 1948).
For so lv en t m olecules to  p e n e tra te  th e  pore s t r u c tu r e  a c e r ta in  
a c t iv a t io n  energy i s  re q u ire d  which depends on th e  s iz e ,  shape and chem ical 
p ro p e r t ie s  o f th e  so lv e n t. S p e c if ic  e x tr a c t io n ,  u s u a lly  w ith  n u c le o p h ilic  
so lv en ts  such as p y rid in e  and e th y len ed iam in e , a t  tem p era tu res-b e lo w  about
250°C y ie ld s  10-40% o f e x tr a c t  which i s  c h a r a c te r i s t i c  o f th e  c o a l as a 
whole. These so lv en ts  sw ell th e  c o a l and i t  has been suggested  (Dryden, 
1952 and Brown, 1959) th a t  e x tr a c t io n  occurs by th e  rem oval o f u n i ts  o f 
c o l lo id a l  s iz e  d i r e c t ly  from th e  c o a l.
E x tra c ts  which a re  ty p ic a l  o f th e  p a re n t co a l a re  im p o rtan t in  
c o a l s t ru c tu re  re sea rc h  because many c h a r a c te r is a t io n  tech n iq u es  can .be  
used only  on l iq u id s ;  fo r  example h igh  re s o lu t io n  NMR sp ec tro sco p y .
S o lven t e x tra c t io n  tech n iq u es  have a lso  been u s e fu l in  s tu dy ing  th e  
coking p ro p e r t ie s  o f  c o a ls . I t  i s  now w e ll known th a t  e x t r a c ts  o f coking 
c o a ls  w i l l  sw e ll and agglom erate on h e a tin g  whereas th e  re s id u e  w i l l  n o t; 
th e  a ttem p ts  to  r e c o n s t i tu te  th e  o r ig in a l  coking c o a l from th e  e x t r a c t  
p lu s  re s id u e  have not been s a t i s f a c to r y .
Above 250°C th e  co a l can be a f f e c te d  by tem peratu re  and chem ical 
a c tio n  o f th e  so lv en t; th e  y ie ld s  can be 80% o r even h ig h e r . The r a t e  of 
e x tra c t io n  and th e  y ie ld  o f e x tr a c t  a re  dependent on tem p era tu re  (Oele 
e t  a l  1 9 5 l); tem pera tu res in  th e  range 350-430°C produce th e  maximum 
y ie ld s .  S o lv en ts  de riv ed  from t a r  o i l  and hydrogen donating  so lv en ts  
such as d ihyd ro an th racen e , have been found to  be th e  m ost' e f f i c i e n t .  Many 
reco v ered  so lv e n ts  lo se  some o f  t h e i r  e x tra c t iv e  power b u t t h i s  can g en er­
a l l y  be re g e n e ra te d  by hyd rogenation . The m a te r ia ls  e x tra c te d  from c o a ls  
a t  tem p era tu res  above 250°C co n ta in  more v o l a t i l e - o i l s  th an  a t  low er 
tem p era tu res  and s e p a ra tio n  from th e  so lv en t i s  more d i f f i c u l t .
L i t t l e  commercial use i s  made o f  th e  so lv en t e x tra c t io n  o f c o a l a t  
p re s e n t. However, du ring  World War I I  th e  P o tt-B roche (1933) p ro cess  was 
used  in  Germany to  co n v ert low rank  co a l in to  low ash e x tr a c t  s u i ta b le  f o r  
m anufacturing  e le c tro d e  carbons. The p ro cess  used p u lv e r is e d  c o a l mixed, 
'-with two p a r ts  so lv en t (p rep ared  by hydrogenating  p itc h )  h ea ted  to  about 
420°C f o r  ju s t  over an hour a t  a p re s su re  o f  about 125 atm; th e  i n i t i a l  
.th roughpu t v.as about 5 tons p e r h o u r, b u t th e  p la n t was c lo se d  down due 
to  war damage. Low ash e x tr a c ts  produced from c o a l in  good y ie ld  a re  a 
p o te n t ia l  source o f  chem icals and carbons.
PART I
ESR OP RAPIDLY 'HEATED COALS
1. ' INTRODUCTION
1 .1  H is to ry
The f i r s t  ESR s p e c tra  o f c o a ls  and chars  were re p o rte d  in  1954 by 
th re e  independent groups o f  workers in  B r i ta in  (Ingram  e t  a l  1954),
France (U b ersfe ld  e t  a l  1954) and th e  U.S.A. (Commoner e t  a l  1954). In  
B r i ta in  th e  work was th e  r e s u l t  o f a c o lla b o ra t iv e  programme between th e  
BCURA who su p p lied  th e  samples o f co a l and char and th e  U n iv e rs ity  of 
Southampton group under Ingram whose s t a f f  recorded  and in te r p r e te d  th e  
s p e c tra . Subsequently , BCURA supported  two su ccess iv e  re sea rc h  s tu d en ts  
A usten (1958) and E l l i o t t  (1962) a t  Southampton who s tu d ie d  th e  ESR of 
 ^ c o a ls  o f d i f f e r e n t  rank , chars  p rep ared  by r e l a t iv e ly  slow h e a tin g , co a l 
e x t r a c ts ,  m acerals an d 'ch em ica lly  t r e a te d  c o a ls .
In  th e  meantime a t  th e  BCURA a b ro a d - lin e  NMR sp ec tro m ete r had 
been c o n s tru c te d  and used to  measure th e  m ethylene hydrogen and th e  t o t a l  
m oistu re  c o n c e n tra tio n s  in  c o a ls  and c h a rs . A f te r  th e  ESR work on co a ls  
had been com pleted a t  Southampton a microwave source was o b ta in ed  and a 
wave guide assembly was c o n s tru c te d  a t  th e  BCURA. By u t i l i s i n g  th e  magnet 
used in  th e  NMR spec trom eter a sim ple ESR sp ec tro m ete r was b u i l t .  The 
s p e c tra  o f s e v e ra l h ig h ly  v itran e o u s  co a ls  in  th e  80 to  93 p e r c e n t, c a r ­
bon co n ten t range were recorded  and th e  r e s u l t s  p u b lish ed  in  a rev iew  
(Ladner and W heatley 1965)• f^ee  r a d ic a l  c o n ce n tra tio n s  o b ta in ed
were found to  agree reasonab ly  w ell w ith  o th e r  w orkers.
• 1 .2  ESR Theory, Experim ental Methods and P rev ious Work
The techn ique  o f ESR, which i s  used to  s tudy  substances c o n ta in in g  
u n p a ired  e le c tro n s , i s  now w ell e s ta b lis h e d . The g e n e ra l p r in c ip le s  and 
ex p erim en ta l d e ta i l s  have been f u l l y  d e sc rib ed  by Ingram (1956 and 1958) 
Bersohm and B a ird  ( 1966) and Poole ( 1967) ,  th e re fo re  i t  i s  no t in te n d e d  
to  cover th e se  to p ic s  h e re . The p re se n t au th o r to g e th e r  w ith  Dr. Ladner 
have w r it te n  a review  e n t i t l e d  "ESR Measurements on th e  F ree R ad ica ls  in  
Coals and Chars" (Ladner and W heatley 1965) which has been bound in  a t  
th e  end of th i s  th e s i s  (Appendix C). This review  a lso  p re s e n ts  a  sim ple 
account o f ESR and o u tlin e s  th e  ex p erim en ta l ap p ara tu s  requ ired , f o r  observ ­
in g  th e  phenomenon. A b r i e f  summary o f th e  measurements made on ch ars  i s  
g iven  below.
Many co a l ch ars  co n ta in  la rg e  numbers o f unpaired, e le c tro n s  s t a b i l i s e d
in  arom atic  system s. These e n t i t i e s  a re  known as f r e e  r a d ic a ls .  For 
ch ars  p rep a red  from a range o f  c o a ls  by a v a r ie ty  o f r e l a t iv e ly  slow 
h e a t tre a tm e n ts  (h e a tin g  r a te s  o f a few °C /m in), th e  number o f  f r e e  
r a d ic a ls  in  a p a r t i c u la r  ch ar has been found  to  depend on th e  rank  o f 
th e  p a ren t co a l and on th e  c o n d itio n  and tem peratu re  o f th e  h e a t-  ‘
tre a tm e n t p rocess used to  p rep are  th e  ch a r . The measured c o n c e n tra tio n  
o f f r e e  r a d ic a ls  in  chars  has been found to  in c re a se  w ith  h e a t- tre a tm e n t 
tem pera tu re  (HTT) to  a maximum which occurs in  th e  range 500°-600°C, 
w hile f u r th e r  in c re a se  in  th e  HTT cause a decrease  in  th e  measured 
r a d ic a l  c o n c e n tra tio n .
I t  i s  b e lie v e d  th a t  as th e  HTT in c re a s e s , a c e r ta in  amount o f 
hom olytic f i s s io n  occurs w ith  lo s s  o f carbon, hydrogen and oxygen. Con- 
c o m ite n tly , th e  s iz e  and number o f th e  arom atic  r in g  c lu s t e r s  in c re a s e s , 
th u s  a llow ing  more u n paired  e le c tro n s  to  be s ta b i l i s e d .  On f u r th e r  i n ­
c re a se s  in  HTT however, a  s tag e  i s  reached  where th e  u n p a ired  e le c tro n s  
become so d e lo c a lis e d  th a t  th e  char becomes an e l e c t r i c a l l y  conducting  
c a rb o n -lik e  m a te r ia l .  ’ The band s t ru c tu re  l ik e  n a tu re  o f  t h i s  m a te r ia l  
r e s u l t s  in  th e  measured apparen t f r e e  sp in  c o n c e n tra tio n  d e c rea s in g  
ra p id ly . This decrease  in  th e  measured f r e e  r a d ic a l  u n p a ired  e le c tro n s  
i s  b e lie v e d  to  be due bo th  to  th e  extreme d e lo c a l is a t io n  o f th e  u n p a ired
v -
e le c tro n s  and a lso  th e  concom itent red u c tio n  in  th e  loaded  QK f a c to r  of 
th e  m easuring c a v ity , a t t r ib u ta b le  to  sk in  e f f e c t s .  •
1 .3  L abora tory  S tu d ies  o f Combustion
In  1963 th e  BCURA gave p r i o r i t y  to  th e  in v e s t ig a t io n  o f  th e  combus­
t io n  o f p u lv e r is e d  c o a l. (A sh o rt account o f th e  su b je c t i s  g iven  in  th e
in tro d u c to ry  c h ap te r  on c o a l) .  The fa c to r s  invo lved  were c o n sid e red  to  
be: th e  p a t te rn  o f  gas flow  and th e  r a t e  o f  m ixing of s o l id  and gaseous 
r e a c ta n ts ;  th e  r a te s  o f h e a t t r a n s f e r  between d i f f e r e n t  p a r ts  o f th e  
re a c ta n t  stream  and th e  combustor w a lls ; and th e  r a te s  o f d e v o la t i l i s a ­
t io n  and combustion re a c t io n s .  The su b je c t was c r i t i c a l l y  rev iew ed and 
th e  a reas  in  which f u r th e r  re se a rc h  was re q u ire d  were co n sid e red  as pro-* 
grammes fo r  b a s ic  la b o ra to ry  s tu d ie s  in  th e  BCURA. ■.
L i t t l e  was known about th e  changes which occur between co a l p a r t i c l e s
e n te r in g  and th e  combustion gases and ash  le av in g  th e  com bustion chamber.
I t  was thought th a t  v o l a t i l e  m a tte r was re le a s e d  from th e  c o a l ,  u n t i l  a t  
a c e r ta in  v o l a t i l e  c o n c e n tra tio n , ig n i t io n  occu rred . As th e re  was no
^The a b i l i t y  o f th e  c a v ity  to  c o n ce n tra te  power i s  measured by i t s  Q
f a c to r  where 0 -  an|S:u-1-a r  frequency  x energy s to re d
* power lo s s
a v a ila b le  in fo rm atio n  on th e  r a te  and amount o f v o l a t i l e  re le a s e  under 
c o n d itio n s  p e r ta in in g  to  p u lv e r is e d  co a l combustion t h i s  was one o f th e  
chosen b a s ic  re se a rc h  programmes. Some o f th e  i n i t i a l  ex p erim en ta l 
problems were: th e  tim e s c a le , combustion i s  g e n e ra lly  com plete in  a 
100ms; th e  c o n s tru c tio n  o f  h igh  tem peratu re  la b o ra to ry  ap p ara tu s  to  
s im u la te  th e  h igh  h e a tin g  r a te s  o f p u lv e r is e d  c o a l com bustion; tem pera­
tu re  measurement and to  p rep a re  s u f f ic ie n t  q u a n t i t ie s  o f s iz e d  co a l 
p a r t i c le s ' to  use in  th e  experim ents.
To a la rg e  e x te n t th e se  problems were overcome. K in e tic  s tu d ie s  o f 
th e  r a te s  o f d e v o la t i l i s a t io n  o f s iz e d  co a l p a r t i c l e s  were made u sing  a 
lam inar flow  fu rnace  (Badzioch e t  a l  19&7) • r e s u l t s  o b ta in ed  c o n t r i ­
b u ted  to  a book on th e  com bustion o f p u lv e r is e d  c o a l (F ie ld  e t  a l  19^7).
The ’Chem istry o f Combustion' programme was s ta r te d  a f t e r  th e  k in e t ic  
s tu d ie s  were e s ta b lis h e d  and most o f th e  work was c a r r ie d  out independen t­
ly . The o b je c t o f th e  programme was to  prov ide background in fo rm atio n  on 
th e  re a c t io n s  o ccu rrin g  in  th e  p r e - ig n i t io n  zone during  th e  com bustion of 
p u lv e r is e d  c o a l. Many o f  th e  experim en tal problems were s im i la r ,  bu t a 
d i f f e r e n t  approach was n ecessa ry  f o r  sam pling and id e n t i fy in g  th e  p ro ducts  
o f ra p id  d e v o la t i l i s a t io n .
The work d e sc rib e d  in  P a r t  I  o f t h i s  th e s i s  c o n tr ib u te d  to  th e  
'C hem istry  o f Combustion' programme. ESR has been used to  examine chars  
p rep ared  by two d i f f e r e n t  ra p id  h e a t- tre a tm e n ts  o f s iz e d  c o a l p a r t i c l e s  
and th e  r e s u l t s  a re  compared w ith  th o se  o b ta in ed  from chars  p rep a red  by 
two d i f f e r e n t  slow er h e a t- tre a tm e n ts . The work i s  re p o r te d  in  two sec ­
t io n s  because o f th e  b a s ic  d if fe re n c e s  in  th e  p re p a ra t io n  and th e  ESR 
exam ination o f th e  c h a rs .
In  th e  f i r s t  s e c tio n  th e  chars  were p rep ared  as p a r t  o f  th e  k in e t ic  
s tu d ie s ,  by h e a tin g  c o a l p a r t i c l e s  to  tem p era tu re  in  20 ms in  a  v e r t i c a l  
lam inar flow  fu rn ace . Over 1 g o f  ch ar was p rep ared  a t  each h e a t- tre a tm e n t 
tem peratu re  and th e  ESR sp e c tra  were reco rd ed  u sin g  th e  BCURA sp ec tro m e te r. 
The r e s u l t s  were compared w ith  th o se  o b ta in ed  from chars  p rep a red  by h e a t ­
in g  s im ila r  c o a l p a r t i c l e s  to  tem p era tu re  over s e v e ra l h o u rs .
In  th e  second s e c tio n  th e  ch ars  were p repared  by h e a tin g  ap p ro x i­
m ately  1 mg samples o f  f in e  c o a l p a r t i c l e s  fo r  about 1 ms by means o f 
r a d ia t io n  from a xenon f la s h  tube (G ranger and Ladner 1967). The ESR 
s p e c tra  o f th e  chars  were reco rded  u sin g  th e  U n iv e rs ity  o f S u rre y 1s 
sp ec tro m ete r w ithou t removing th e  chars  from th e  sample tu b es  used  in  
t h e i r  p re p a ra tio n . The r e s u l t s  were compared w ith  th o se  o b ta in ed  from 
ch ars  p rep ared  by h e a tin g  s im ila r  c o a l p a r t i c l e s  to  tem p era tu re  w ith in  
180 s .
That i s ,  an ESR exam ination has been made o f chars  prepared, by fo u r  
d i f f e r e n t  r a te s  o f h e a tin g , ranging  from 1 ms to  s e v e ra l  h o u rs . For each 
h e a tin g  r a t e ,  a range o f f i n a l  h e a t- tre a tm e n t tem p era tu res  has been used 
v ary in g  from 400°C to  over 2000°C depending on th e  method o f h e a tin g . ESR 
sp e c tra  have been reco rded  b o th  w ith  th e  chars  in  th e  p resence  and absence 
o f param agnetic g ases , and th e  ’oxygen e f f e c t s ’ o b ta in ed  have been d iscu ssed .
2. EXAMINATION OE CHARS PREPARED IN A LAMINAR FLOW FURNACE
2 .1  P re p a ra tio n  o f Samples
The ch ars  examined were p rep ared  from s iz e  graded samples o f b r ig h t  
banded c o a ls  whose an a ly ses a re  shown in  Table I .  A diagram  of th e  appara­
tu s  used to  s tudy  th e  ra p id  decom position o f c o a l p a r t i c l e s  (Badzioch e t  a l  
1967) i s  shown in  F ig . 3» The c o a l p a r t i c l e s  were fe d  th rough  a w a ter- 
coo led  fe e d e r  tube in to  a lam inar flow  o f p reh ea ted  n itro g e n  p a ss in g  down­
wards th rough  a v e r t i c a l  tube fu rn ace . The tem peratu re  o f the  gas stream  
was measured by a therm ocouple sh ie ld ed  from th e  fu rnace  r a d ia t io n .  The 
fu rn ace  w all and th e  n itro g e n  were m ain tained  a t  th e  same tem p era tu re  which 
cou ld  be v a r ie d  up to  1000°C. The p a r t i c l e s  reached th a t  tem pera tu re  in  
about 20 ms when they  were h ea ted  iso th e rm a lly  u n t i l  they  were c o l le c te d  
and ra p id ly  quenched in  a w a ter-co o led  tu b e . The t r a n s i t  tim e o f th e  
p a r t i c le s  th rough  th e  fu rn ace  was v a r ie d  by a d ju s t in g  th e  spacing  o f th e  
fe e d e r  and c o l le c to r .
The chars  examined by ESR were p rep ared  a t  tem p era tu res  in  th e  range 
400-930°C f o r  iso th e rm a l h e a tin g  tim es o f 30 and 70 ms ( i . e .  t o t a l  fu rn ace  
re s id en c e  tim es o f 30 and 90 ms). A lso f o r  one experim ent chars  were 
p rep a red  bo th  in  n itro g e n , and in  3% oxygen in  n itro g e n  f o r  iso th e rm a l 
h e a tin g  tim es of 80 ms a t  800°C.
So th a t  th e  r e s u l t s  o b ta in ed  w ith  th e  chars  p repared  by ra p id  h e a tin g  
could  be compared d i r e c t ly  w ith th o se  o b ta ined  w ith  ch ars  p rep a red  by slow 
h e a tin g , chars  were p rep ared  from th e  above s ize d  c o a ls  by h e a tin g  slow ly 
in  a h o r iz o n ta l  fu rn ace . In  a d d itio n  some of the  chars  p rep a red  by ra p id  
h e a tin g  were reh ea ted  slow ly by th e  same method.
About 0 .3  g o f co a l ( le s s  f o r  the  ch ars) was p laced  in  a s i l i c a  b o a t, 
vacuum d r ie d , weighed and p laced  in  th e  s i l i c a  tube o f a h o r iz o n ta l  fu rn ace  
which was f lu sh e d  w ith  n itro g e n . The fu rnace  was programmed a t  l^°C /m in 
up to  p redeterm ined  tem p era tu res  in  th e  range 400-700°C, h e ld  a t  th e  f i n a l  
tem p era tu re  fo r  1 hour and l e f t  to  coo l n a tu ra l ly .  The i n e r t  atm osphere 
in  th e  fu rnace  tube  was m ain tained  th ro u g h o u t. On removal from th e  coo led  
fu rn ace  th e  s i l i c a  b o a t p lu s char was weighed and th e  w eight lo s s  c a lc u ­
la te d .  S l ig h t  agglom eration  o f th e  p a r t i c l e s  sometimes occu rred  b u t th ey  
were e a s i ly  sep a ra te d  by m ild a g i ta t io n .
2 .2  P re lim in a ry  Experim ents and D iscussion
These p re lim in a ry  ESR experim ents were made u sin g  th e  i n i t i a l  BCURA 
sp ec tro m ete r m entioned a t  the  end o f s e c tio n  1 .1 . A f u l l  d e s c r ip t io n  o f 
th e  sp ec tro m ete r w ith  l a t e r  m o d ifica tio n s  can be found in  s e c tio n  2 .3 .
Three c o a ls  CRC’ s 802, 301b and 102 whose an a ly ses  a re  g iven  in  
Table I  to g e th e r  w ith  chars  p repared  from th e se  co a ls  in  th e  lam in a r flow
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fu rn ace  f o r  an iso th e rm a l h e a tin g  tim e o f 70 ms were examined. Thin 
'g l a s s  tu b es  were f i l l e d  to  a c o n s ta n t depth  o f 25 mm w ith  sample which 
was weighed by d if fe re n c e . The sample w eight was approx im ate ly  20 rag.I
At l e a s t  s ix  f i r s t  d e r iv a tiv e  sp e c tra  were reco rded  in  a i r  fo r  each sam-
i
p ie  and th e  peak -to -p eak  l in e  w idths (.AHp-p) and th e  p eak -to -p eak  h e ig h ts  
measured. Between reco rd in g  each sam ple’ s s p e c tra , s p e c tra  from an un­
se a le d  sample o f th e  s tan d a rd  c o a l (see  Appendix A) were reco rd ed  so th a t  
ad justm en ts cou ld  be made f o r  any changes in  spec tro m ete r g a in . The f r e e  
r a d ic a l  c o n c e n tra tio n s  were c a lc u la te d  from th e  p roduct o f th e  p e a k - to -  
peak h e ig h t and (A H p-p)^ and a b so lu te  va lues e s tim a te d  by comparison 
w ith  th e  s tan d a rd  co a l sample (1 .7 4  x 10^2 f r e e  r a d ic a ls /k g ) .  T h is method 
o f f r e e  r a d ic a l  c o n c e n tra tio n  assumes a c o n s ta n t l in e  shape.
The r e s u l t s  a re  summarised in  a graph o f f r e e  r a d ic a l  c o n c e n tra tio n  
and l in e  w idth  (A Hp-p) v e rsu s  h e a t- tre a tm e n t tem pera tu re  (HTT) which i s  
shown in  F ig . 6. The l in e -w id th s  a re  reasonab ly  c o n sta n t a t  about 5 gauss 
up to  a  HTT o f 800°C which in d ic a te s  th a t  th e  shapes o f th e  s p e c tra  proba­
b ly  do no t vary  much up to  th a t  tem p era tu re . The shape o f th e  f r e e  r a d ic a l  
c o n c e n tra tio n  versu s  HTT curves f o r  ra p id  h e a tin g  i s  c h a r a c te r i s t i c  o f 
curves ob ta in ed  w ith  chars p rep a red  a t  slow er r a te s  o f h e a tin g  b u t th e  
maximum f r e e  r a d ic a l  c o n c e n tra tio n  occurs 150°C to  200°C h ig h e r .
In  th e  BCURA’ s ra p id  h e a tin g  experim ents, chars  were p rep a red  a t  
HTT’ s a t  which slow h e a tin g  would produce e l e c t r i c a l l y  conducting  c h a rs . 
From th e se  p re lim in a ry  r e s u l t s  i t  was concluded th a t  ESR co u ld  be used  to  
examine c h a rs , p repared  by ra p id  h e a tin g , a t  much h ig h e r  HTT’ s th an  th o se  
p rep ared  by slow h e a tin g . I t  was decided  th a t  a  f u l l e r  ESR study  o f th e  
ch ars  p repared  by ra p id  h e a tin g  should  be made. Because o f th e  fo llo w in g  
c o n s id e ra tio n s :
(a) The 'oxygen e f f e c t ’ (A usten and Ingram 1956) co u ld  be 
in flu en c ed  by th e  changes in  th e  p h y s ic a l s t r u c tu r e  o f th e  
chars  w ith  ra p id  h e a tin g . I t  was r e a l i s e d  th a t  th e re  was 
s t i l l  much th a t  was n o t understood  about t h e ’oxygen e f f e c t ' 
(see  Appendix A).
(b) For one c o a l i t  was found th a t  th e  shape o f  th e  s p e c tra  
v a r ie d  w ith  th e  s iz e  o f th e  c o a l (see  Appendix B ).
i
I t  was decided  to  e lim in a te  u n c e r ta in t ie s  due to  th e  'oxygen e f f e c t ' and 
changes in  th e  shape o f th e  s p e c tra . To ach ieve  t h i s  a d eg ass in g  p ro cess  
to  remove gaseous oxygen from th e  ch a r samples and use o f an in te g r a to r  
to  produce an a b so rp tio n  spectrum  from th e  f i r s t  d e r iv a t iv e  spectrum  were 
developed.
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2 .3  ESR Spectrom eter and Improvements
The b a s is  o f  th e  ESR sp ec tro m ete r was a b ro a d - lin e  NMR sp ec tro m ete r 
c o n s tru c te d  in  th e  BCURA f o r  co a l s t ru c tu re  work (Ladner and S tacey  19&l) 
and t o t a l  m oistu re  measurements (Ladner and Y/heatley 1966). A k ly s tro n , 
i t s  pov/er supply and th e  necessa ry  wave guide assem bly was c o n s tru c te d  
so t h a t  th e  NMR spec tro m ete r could  be converted  to  a low re s o lu t io n  3 cm 
'b a lan ced  b r id g e ' ESR spec tro m ete r when re q u ire d . The p re lim in a ry  e x p e r i­
m ents, d e sc rib e d  in  the  p rev ious se c tio n  (2 .2 ) were c a r r ie d  o u t u s in g  the  
spec tro m ete r in  t h i s  form. B efore f u r th e r  experim ents were made th e  phase- 
s e n s i t iv e  d e te c to r  u n i t  from th e  NMR sp ec trom eter was re p la c e d  by a u n i t  
w ith  a  more s ta b le  ou tpu t and an in te g r a to r  was added. A b lock  diagram  of 
th e  ESR sp ec tro m ete r i s  shown in  F ig . 7. A Homogeneous m agnetic f i e l d  of 
3750 gauss i s  p rov ided  by a S w ift Levick permanent magnet which i s  f i t t e d  
w ith  two s e ts  o f c o i l s ;  th e  o u te r  s e t  p rov ides th e  c u rre n t re q u ire d  to  
sweep th e  m agnetic f i e l d  over a range o f about 70 gauss and th e  in n e r  s e t  
th e  390 Hz m odulation.
The microwave r a d ia t io n  ( ~ lOG-Hz) a t  a power le v e l  o f up to  70 mW 
i s  p rov ided  by a k ly s tro n  v a lv e  housed in  a tu n ab le  c a v ity  (EMI- ty p e  23782). 
Microwave pov/er from th e  k ly s tro n  passes th rough an i s o l a t o r ,  to  p reven t 
power being  r e f le c te d  back to  th e  k ly s tro n , and th en  p asses  v ia  a c a l i ­
b r a te d  a t te n u a to r  in to  th e  'm agic T* b rid g e . The k ly s tro n , i s o l a t o r  and. 
a t te n u a to r  form Arm 1 in  F ig . 7- The 'magic T' a t  th e  c e n tre  o f th e  
'b a lan ced  b r id g e ' c i r c u i t  i s  designed  so th a t  when th e  power e n te r in g  
Arms 2 and 3 i s  p e r f e c t ly  matched, no power i s  d e te c te d  by th e  c r y s ta l  
s i tu a te d  in  Arm A. To o b ta in  optimum s e n s i t i v i t y  o f th e  c r y s t a l  d e te c to r  
i t . i s  n ecessa ry  f o r  the power e n te r in g  Arm 2 to  be no t q u ite  matched by 
th a t  in  Arm 3 so th a t  a sm all and c o n s ta n t amount o f pov/er i s  fe d  down 
Arm A to  b ia s  th e  c r y s ta l .
: The samples were h e ld  in  th e  reg io n  o f maximum microwave m agnetic 
f i e l d  in  an a d ju s ta b le  Hq i2 c a v ity . At resonance, power i s  absorbed  in  
th e  sample which unbalances th e  b rid g e  so th a t  a s ig n a l  i s  fed  down Arm A 
to  th e  c r y s ta l  d e te c to r .  The s ig n a l ,  which i s  am plitude m odulated a t  
390 Hz due to  the  m agnetic f i e l d  m odulation su p p lied  by th e  a u x i l ia r y  
c o i l s  on th e  magnet p o le s , i s  r e c t i f i e d  and fed  to  th e  390 Hz a m p lif ie r  
(A) shown in  F ig . 7 . This a m p lif ie d  390 Hz s ig n a l  i s  th en  fe d  to  th e  
p h a s e -s e n s it iv e  d e te c to r  (B) whose re fe re n c e  s ig n a l i s  tak en  from th e  , 
same jo s c i l l a t o r  (c) th a t  i s  used to  supply  th e  c u rre n t re q u ire d  f o r  modu­
la t in g  th e  magnet f i e l d .  The o u tpu t of th e  valve c o n s tru c te d  ph ase - 
s e n s i t iv e  d e te c to r  u n i t  o f th e  NMR .sp ec trom eter v/as i n s u f f i c i e n t ly  s ta b le  
to  a llow  s a t i s f a c to r y  in te g ra t io n .  I t  a ls o  n e c e s s i ta te d  th e  in te g r a to r
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and re c o rd e r  to  be m ain ta ined  a t  200 v o l t s .  T h e re fo re , th e  germainium 
diode c i r c u i t  shown in  F ig . 8 was o b ta in ed  (Watson, p r iv a te  communication) 
and c o n s tru c te d . This c i r c u i t  was found to  produce a  s ta b le  ou tpu t and 
enab led  th e  in te g r a to r  and re c o rd e r  to  be e a r th ed .
The resonance s ig n a l  from th e  p h a se -s e n s it iv e  d e te c to r  cou ld  be 
reco rd ed  as th e  f i r s t  d e r iv a t iv e  o f th e  ab so rp tio n  curve by th e  p o te n tio -  • 
m etric  re c o rd e r  (D in  F ig . 7)• A lte rn a t iv e ly  th e  ab so rp tio n  cu rv e , cou ld  
be reco rded  by in te g r a t in g  th e  f i r s t  d e r iv a t iv e  s ig n a l .  A Fenlow opera­
t io n a l  a m p lif ie r  (type  A2) and a low leakage p o ly e s te r  c a p a c ito r  were 
used to  form th e  in te g r a t in g  c i r c u i t  shown in  F ig . 9.
The in te g r a to r  was commissioned p r io r  to  i t s  in c lu s io n  in  th e  
sp ec tro m ete r by u sin g  two d .c .  re c o rd e rs  s im u ltan eo u sly . One was fed  
d i r e c t l y  by a known, hand a d ju s te d  v o lta g e  power source and th e  o th e r  v ia  
th e  in te g r a to r  from th e  same power source. To check th e  in te g r a to r  a 
s tan d a rd  co a l was d i lu te d  w ith  fu sed  s i l i c a  to  d i f f e r e n t  known co n cen tra ­
t io n s  and th e  ab so rp tio n  s p e c tra  o f  equal volumes th e se  samples reco rded  
se v e ra l tim es under d i f f e r e n t  gain  c o n d itio n s . The a re a s  under th e  ab so rp ­
t io n  curves were d i r e c t ly  p ro p o r tio n a l to  th e  c a lc u la te d  f r e e  r a d ic a l  
c o n c e n tra tio n s  o f th e  s tan d a rd  co a l m ix tures and confirm ed th a t  t h i s  
method o f determ in ing  th e  f r e e  r a d ic a l  c o n ce n tra tio n  was r e l i a b l e .
The resonance s ig n a l ,  e i th e r  in  th e  form o f f i r s t  d e r iv a t iv e  o r 
th e  a b so rp tio n  curve , was tra c e d  out by slow ly sweeping th e  m agnetic f i e l d  
th rough  th e  value  re q u ire d  f o r  resonance. The c u rre n t n ecessa ry  ^or  t h i s  
was su p p lied  by th e  slow l in e a r  sweep u n i t  (E in  F ig . 7) which enab led  th e  
m agnetic f i e l d  s tre n g th  to  be v a r ie d  co n tin u o u sly  a t  d i f f e r e n t  known slow 
speeds. A p lo t  o f c u rre n t ve rsu s  tim e fo r  th e  sweep u n i t  which i s  shown 
in  F ig . 10 i s  s u f f i c i e n t ly  l in e a r  to  in d ic a te  th a t  th e  change o f m agnetic 
f i e l d  i s  e f f e c t iv e ly  d i r e c t ly  p ro p o r tio n a l to  th e  c u r re n t .  The re la t io n ,  
between c u rre n t and m agnetic f i e l d  s tre n g th  was found by u s in £  a s e t  o f 
c r y s ta l  sources o f known frequency  and m easuring th e  value  o f th e  c u rre n t 
a t  th e  c e n tre  o f  th e  p ro ton  resonance spectrum  w ith  th e  sp ec tro m e te r 
a rranged  to  measure NMR. In  t h i s  way lin e -w id th s  measured in  term s of 
sweep c u rre n t can be converted  in to  lin e -w id th s  in  gauss. The spectrum  
o f th e  peroxylam ine d isu lp h o n a te  io n  (803)2  in  v e ry  d i lu te  c a u s t ic
s o lu tio n  was reco rded  to  check th e  c a l ib r a t io n .  The spectrum  o f  t h i s  f r e e  
r a d ic a l  c o n s is ts  o f th re e  l in e s  w ith  a s p l i t t i n g  o f 13.00 gauss (Pake e t  
a t  1952) due to  in te r a c t io n  o f th e  u n p a ired  e le c tro n  w ith  th e  m agnetic 
moment o f th e  n u c leu s . The s e p a ra tio n  o f th e  f in e  l in e s  o f  th e  
spectrum  was c a lc u la te d  from th e  sweep c u rre n t and found to  be 13 g au ss ,
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which confirm ed th a t  th e  sweep c u rre n t v a lues cou ld  be used  to  c a lc u la te  
l in e -w id th s .
The permanent magnet assem bly n e c e s s i ta te d  th e  microwave frequency  
to  be c r i t i c a l l y  a d ju s te d  so th a t  resonance occurred  a t  th e  c e n tre  o f th e  
l im ite d  m agnetic f i e l d  sweep. The g value  f o r  c o a ls  and chars  rem ained 
approx im ately  c o n sta n t ( a t  a va lue  o f  2) and th e re fo re  th e  microwave f r e ­
quency was kep t c o n s ta n t and any n ecessa ry  tu n in g  ad justm en ts  were made 
on th e  c a v ity . The c a v ity  mode was d isp lay ed  on a o sc il lo sc o p e  by means 
o f 50 Hz in te r n a l  m odulation from th e  S o la tro n  k ly s tro n  power supply . The 
optimum s iz e  o f th e  n o n -a d ju s tab le  coup ling  ho le  was found by t r i a l  and 
e r r o r  by observ ing  th e  c a v ity  mode fo r  d i f f e r e n t  s iz e d  h o le s . A wavemeter 
was used to  measure th e  Q f a c to r  o f th e  a d ju s ta b le  Hq]^  c a v ity . The un­
loaded  Q f a c to r  o f  th e  c a v ity  was about 2000, and was no t a l t e r e d  to  any 
s ig n i f ic a n t  e x te n t by in tro d u c in g  co a l o r low tem p era tu re  ch ar samples 
in to  th e  c a v ity . However, f o r  chars  p repared  a t  h igh  HTT, i . e .  beyond 
th e  ap p aren t maximum r a d ic a l  c o n c e n tra tio n  th e  Q f a c to r  f e l l  markedly as 
th e  ch ars  became e l e c t r i c a l l y  conducting . Q u a n tita tiv e  f r e e  r a d ic a l  
measurements a re  le s s  r e l i a b le  in  th e se  reg io n s  and a re  shown by broken 
l in e s  in  th e  accompanying diagram s.
A bsolute f r e e  r a d ic a l  c o n ce n tra tio n s  were c a lc u la te d  by com parison 
w ith  an u n sea led  s tan d a rd  c o a l sample (Appendix A) whose f r e e  r a d ic a l  con- ; 
c e n tr a t io n  had p re v io u s ly  been e s tim a te d  by re fe re n c e  to  th e  s ta b le  f r e e  
r a d ic a l  d ip h en y lp ic ry lh y d ra z y l. S p e c tra  o f s e v e ra l  o f  th e  c h a r samples 
were reco rded  over a  range o f  microwave power le v e ls  b u t s a tu r a t io n  was 
n o t observed even a t  maximum power. However as a  p re c au tio n  a g a in s t  pos­
s ib le  s a tu r a t io n  e f f e c t s ,  a l l  th e  measurements re p o r te d  h e re  wre re  made a t  
a  c o n s ta n t power l e v e l  a tte n u a te d  -well below th e  maximum o f 70. mYI,
2 .4  P re p a ra tio n  of Samples f o r  ESR
Samples o f c o n sta n t bu lk  volume w eighing between 10-60 mg were p re ­
pared  25 mm deep in  th in  w alled  g la s s  tu b es  (2 .5  mm O.D.) which were jo in e d  
o f f  c e n tre  to  la r g e r  d iam eter g la ss  tu b in g  ( ~7 mm). ESR s p e c tra  were
reco rded  in  a i r  on th e se  samples b e fo re  c a rry in g  out a thorough sample
i ;
d eg assing  p rocedure, in  o rd e r to  remove u n c e r ta in t ie s  due to  th e  'oxygen
e f f e c t* .
A diagram  o f  th e  vacuum l in e  assem bly used i s  shown in  F ig . 11. The
sample tu b es  had a sm all s i l i c a  wrool f i l t e r  pad in s e r te d  in to  th e  end o f
th e  tubes to  reduce th e  r i s k  o f th e  samples b e in g  drawn over in to  th e
vacuum l i n e ,  and sealed, on to  th e  m anifold  shown -in F ig . 11. The main
problem experienced  in  degassing  th e  samples was avo id ing  th e  sample
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•bumping* out o f th e  sample tubes in to  th e  vacuum l in e .  A f in e  c a p i l la r y  
by-pass ta p  in tro d u ced  in to  th e  vacuum l in e  h e lp ed , b u t s t i l l  extreme 
c au tio n  and p a tie n ce  were re q u ire d  to  avo id  lo s s  o f th e  sam ples. With 
only th e  ro ta ry  pump o p e ra tin g , th e  c a p i l l a r y  b leed  was g ra d u a lly  opened 
to  a llow  a s lo w 'ra te  o f pumping, judged by observ ing  th e  p re ssu re  changes 
by means o f a mercury manometer. The system was u s u a lly  l e f t  o v ern ig h t 
l ik e  t h i s  b e fo re  g ra d u a lly  f u l l y  opening f i r s t  th e  b le e d , th e n  th e  main 
tap  and f i n a l l y  sw itch ing  on th e  mercury d if f u s io n  pump. A Mcleod gauge 
was used to  m easure^the f i n a l  p re s su re .
When a pumping p re s su re  o f 10*"^N/m2 ( 10-6  to r r )  wasf o b ta in ed  th e  
samples were g ra d u a lly  h ea ted  to  200° C over a  p e rio d  o f 24 hours and h e ld  
a t  200°C f o r  1 hour a t  a  pumping p re ssu re  o f 10“^-N/m2. The h e a te r  (shown 
in  F ig . l l )  was made o f  nichrome -wire embedded in  alum ina cement and th e  
tem pera tu re  c o n tro l le d  by a ’V a ria c ’ . A f te r  c o o lin g , th e  sample was 
is o la te d  from th e  system  f o r  1 hour d u rin g  which tim e th e  p re s su re  d id  
n o t r i s e  above lO^N/m^ (lCT^ t o r r ) .  The sample tubes were th e n  sea le d  
o f f  w hile  th e  pumping p re s su re  was 10“ -^N/m2 . measurements re p o r te d
as in  vacuo were made from ESR s p e c tra  reco rd ed  o f th e se  sam ples.
2 .5  R esu lts  and D iscussion
2 .5 .1  Free r a d ic a l  c o n ce n tra tio n
The f r e e  r a d ic a l  c o n ce n tra tio n s  a re  p lo t te d  in  F ig s . 12 and 13 as 
a fu n c tio n  o f HTT f o r  samples of twro c o a ls  CRC 802 and 301b l i s t e d  in  . 
Table I  when su b jec te d  to  h e a t- tre a tm e n ts  d e sc rib ed  in  s e c tio n  2 .1 . The 
maximum f r e e  r a d ic a l  c o n c e n tra tio n  in  a i r  and in  vacuo f o r  th e  ch ar sam­
p le s  p rep ared  from both  c o a ls  by ra p id  h e a tin g  occur a t  a  HTT c o n s id e r­
ab ly  h ig h e r  th an  those  p repared  by slow h e a tin g . For exam ple, f o r  th e  
Vchars p rep a red  from th e  802 c o a l a t  70 ms and 30 ms h e a tin g  tim e s , th e  
maximum f r e e  r a d ic a l  c o n ce n tra tio n s  occur a t  tem p era tu res  approx im ate ly  
175°C and 250°C h ig h e r r e s p e c t iv e ly  than  th o se  f o r  th e  chars  p rep ared  
by slow h e a t- tre a tm e n ts  (see  F ig s . 12 and 13 ). A sh o r t h e a tin g  to  a 
h ig h  tem p era tu re  fo llow ed  by quenching produces chars  w ith  s im i la r  f r e e  
r a d ic a l  c o n ce n tra tio n s  to  th o se  o b ta in ed  from a long h e a tin g  a t  a  low er 
tem p era tu re .
When th e  chars p repared  by bap id  h e a tin g  were re h e a te d  slow ly to  
th e  same HTT and heat-so ak ed  fo r  1 hou r, th ey  were found to  c o n ta in  
approxim ately  th e  same number o f f r e e  r a d ic a ls  as th e  chars  o b ta in e d  by 
slow h e a tin g . (The f r e e  r a d ic a l  c o n c e n tra tio n s  fo r  th e  re h e a te d  chars  
from th e  802 c o a l a re  re p re se n te d  by th e  s o l id  squares on th e  cu rves in  
F ig s . 12a and 12b ) . The measurements made in  vacuo show th a t  d eg assin g
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th e  ch a r co n sid e rab ly  enhances th e  ESR s ig n a l  b u t th e  r e s u l t in g  graphs 
shown in  F ig s . 12b and 13b a re  o f th e  same b a s ic  shape to  th o se  in  
F ig s . 12a and 13a which show th e  r e s u l t s  o f th e  measurements made in  a i r .
As i t  may be computed th a t ,  even under th e se  ra p id  h e a tin g  co n d i­
t io n s ,  th e re  i s  only a sm all tem pera tu re  d if fe re n c e  between th e  c en tre  
and th e  su rfa ce  o f th e  p a r t i c l e  (F ie ld  e t  a l  19&7) p o s s ib i l i t y  th a t  
th e  s h i f t s  in  th e  maxima a re  due to  non-uniform  h e a tin g  i s  u n lik e ly .
The s h i f t s  a re  most p robab ly  a t t r ib u ta b le  to  th e  r a te  o f  th e  decom posi­
t io n  re a c t io n s  and o f  d if fu s io n  o f th e  p roducts out o f th e  p a r t i c l e s  (a  
sm all q u a n tity  o f yellow  t a r  d i s t i l l e d  from some o f th e  samples during  
th e  degassing  procedure) no t being  s u f f i c i e n t ly  f a s t  to  a llow  them to  
go to  com pletion  w ith in  th e  ra p id  h e a tin g  p e rio d .
2.5*2 F ree  r a d ic a l  c o n c e n tra tio n  and v o l a t i l e  m a tte r
A b road  c o r r e la t io n  between f r e e  r a d ic a l  c o n c e n tra tio n  and th e  
r e s id u a l  v o l a t i l e  m a tte r o f chars  p repared  by slow h e a tin g  has p re v io u s ly  
been found (A usten 1958) f o r  ascending  p a r ts  o f th e  f r e e  r a d ic a l  concen­
t r a t i o n  versu s  HTT cu rv es. In  F ig . 14 f r e e  r a d ic a l  c o n c e n tra tio n s  mea­
sured  in  vacuo f o r  bo th  slow ly and ra p id ly  p repared  ch ars  a re  p lo t te d  
a g a in s t  B r i t i s h  S tandard  v o la t i l e  matter; o f  th e  chars  p rep ared  from th e  
CRC 802 c o a l. The shape o f th e  curves i s  s im ila r  to  th a t  o f th e  f r e e  - 
r a d ic a l  co n ce n tra tio n  v e rsu s  HTT cu rv es , i . e .  as v o l a t i l e  m a tte r  i s  l o s t  
th e  f r e e  r a d ic a l  c o n ce n tra tio n  g ra d u a lly  in c re a se s  to  a maximum and then  
f a l l s  sh a rp ly . Thus, th e  broad c o r r e la t io n  between th e  r e s id u a l  v o l a t i l e  
m a tte r and f r e e  r a d ic a l  c o n c e n tra tio n  a p p lie s  to  chars  p rep ared  by ra p id
as w e ll as slow h e a tin g  f o r  th e  ascending  p a r ts  o f th e  f r e e  r a d ic a l  con-^
c e n tr a t io n  v ersus HTT cu rv es. For a given v o la t i l e  m a tte r  in  th e  range 
l8 -3 ^ o  v o la t i l e  m a tte r , chars  p rep ared  bo th  by ra p id  and by slow h e a tin g  - 
co n ta in  s t ru c tu re s  capab le  o f s t a b i l i s i n g  approx im ately  e q u iv a le n t 
number o f f r e e  r a d ic a ls .
However, th e  d i f f e r e n t  p o s i t io n s  o f th e  maxima o f  th e  curves in  
F ig . 14 in d ic a te  th a t  th e re  a re  d e f in i t e  s t r u c tu r a l  d if f e r e n c e s  between 
chars  o f equal B r i t i s h  S tandard  v o la t i l e  m a tte r when p rep a red  by d i f f e r e n t  
r a te s  of h e a tin g . The decrease  in  th e  f r e e  r a d ic a l  c o n c e n tra tio n s  o r th e  
on set o f e l e c t r i c a l  c o n d u c tiv ity  commences fo r  the  chars  p rep a red  by ra p id  
h e a tin g  when th ey  have a h ig h e r v o l a t i l e  m a tte r  than  th o se  p rep ared  by 
slow h e a tin g . The reason  fo r  th i s  i s  n o t understood  b u t th e  CRC 802 c o a l 
does produce about J>Ofo more v o l a t i l e  m a tte r on ra p id  h e a tin g  compared 
w ith  slow h e a tin g .
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Fig.14, Relation between free radical concentration (samples 
measured in vacuo) and the British standard volatile-matter 
for chars prepared from CRC802 coal by both rapid and 
slow heating
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2 .5 .3  Shape o f th e  S p ec tra
t
. A ll th e  chars  gave b ro a d - lin e  sp e c tra -a n d  i t  i s  only  p o ss ib le  to  
in te r p r e t  th e  shape of the  sp e c tra  in  g e n e ra l te rm s. The param eters 
used  to  re p re se n t th e  shape o f a spectrum  a re :
( i )  th e  l in e  w idth a t  h a lf -h e ig h t  A Hi;
( i i )  th e  l in e  w idth a t  th e  p o in ts  o f maximum slope  AHp-p
( i . e .  th e  peak -to -p eak  lin e -w id th  o f th e  f i r s t  d e r i ­
v a tiv e  spectrum );
( i i i )  th e  r a t i o  A H i/  AHp-p. '
The v a r ia t io n s  o f th e se  param eters w ith  HTT o f the  chars  m easuredin a i r  
and in  vacuo are-shown in  F ig s . 15 and 16 .
As w ith  th e  f r e e  r a d ic a l  c o n c e n tra tio n s , th e re  a re  marked d i f f e r ­
ences between th e  shape o f th e  sp e c tra  drawn in  a i r  and th o se  drawn in  
vacuo. A Hi an& AHp-p a re  narrow er fo r  the  s p e c tra  drawn in  vacuo and 
th e  r a t i o  A H i/A H p-p i s  h ig h e r . These d if fe re n c e s  a re  due to  th e  so rp ­
t io n  o f oxygen which i s  param agnetic . The e f f e c t  i s  r e v e r s ib le  and hence
i s  thought to  be p r im a r i ly  p h y s ic a l in  n a tu re , bu t no com plete exp lana­
t io n  o f th e  ’ oxygen e f f e c t ’ has y e t  been g iven . Like th e  f in d in g s  of 
A usten (195&), th e  lin e -w id th s  o f th e  sp e c tra  recorded  in  a i r  show more 
s c a t te r in g  than  th o se  drawn in  vacuo; t h i s  may be due to  d if fe re n c e s  in  
th e  su rfa ce  a re a  a v a ila b le  to  oxygen. The r a t i o  A H i/A H p-p  i s  ap p ro x i­
m ately  c o n s ta n t f o r  th e  chars  p repared  from bo th  th e  802 and 301b c o a ls  
over the  e n t i r e  HTT ran g e , be ing  about 1 .6  and 2 .0  f o r  th e  sp ec tra  drawn 
in  a i r  and in  vacuo re s p e c tiv e ly . A r a t i o  o f 1.73 corresponds to  a 
curve o f L o ren tz ian  d i s t r ib u t io n ,  which i s  in d ic a t iv e  o f  .exchange narrow ­
ing  caused by ap p re c ia b le  overlap  o f th e  o r b i t a l s  c o n ta in in g  th e  u n p a ired  
e le c tro n s . I f  only s p in -s p in  in te r a c t io n  occurred  a G aussian  l in e  shape 
would have been o b ta in ed , fo r  which th e  r a t i o  A H i/ AHp-p i s  1 ;17 .
' i  I t  i s  g e n e ra lly  though t tha 't th e  r e l a t i v e ly  b ro a d - lin e  spectrum  
o b ta in ed  from co a l chars i s  due to  th e  d ip o la r  (sp in -sp in )  in te r a c t io n  
betvteen u n p a ired  e le c tro n s  and hydrogen n u c le i .  With in c re a se  in  HTT, 
hydrogen i s  l o s t  and i t  can be seen (F ig s . 15 and 16) th a t  th e re  i s  a 
tendency f o r  A Hi to  d ec rea se , e s p e c ia l ly  f o r  th e  802 c o a l. However, 
w ith  in c re a se  in  th e  s iz e  and number o f th e  arom atic  r in g  c lu s t e r s  and 
an in c re a se  in  th e  number o f u n p a ired  e le c tro n s ,  o th e r  phenomena a f f e c t  
th e  lin e -w id th , namely, s p in -s p in  b roaden ing , exchange narrow ing and as 
th e 'c h a r  becomes e l e c t r i c a l l y  conducting , broadening  due to  s p i n - l a t t i c e  
r e la x a t io n .  T h i s . l a t t e r  phenomenon i s  g e n e ra lly  r e p o r te d  to  dom inate 
when th e  ch a r s t a r t s  to  become e l e c t r i c a l l y  conducting  and A Hi. in c re a s e s
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g.15. Line shape parameters of chars  prepared from CRC 802 
coal by various heat treatments in the range 4 0 0 -9 5 0 °C
(a)(c)(e) m e a s u r e m e n ts  made in air
(b)(d)(f) m e a s u r e m e n t s  m ade in v a c u o
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16. Line shape parameters of chars prepared from CRC 301b 
coal by various heat-treatments in the range 400-850°C
(a)(c)(e) m e a s u r e m e n t s  m a d e  in air
(b)(d)(f)  m e a s u r e m e n t s  m ade  in vacuo
u n t i l  th e  l in e  i s  broadened beyond d e te c t io n . However, t h i s  type  o f 
behav iour i s  no t always found. For example, th e  char p repared  from 802 
co a l by ra p id  fo llow ed  by slow h e a tin g  a t  600°C (F ig . 15) when i n v e s t i ­
g a ted  in  vacuo d id  no t show th i s  behav iou r as th e  va lues of bo th  A Hi 
and AHp-p denote a .n a r ro w -s ig n a l. This s ig n a l may p o ss ib ly  be composed 
o f two components, a narrow one which i s  observed and a broad one which 
i s  to o  weak to  d e te c t .  Toyoda and Honda (1965) Have observed th a t  some 
co a l chars  have ESR s p e c tra  composed o f a narrow and a broad component 
when examined in  vacuo b u t th e  narrow component i s  not observed when 
th e  sample i s  open to  a i r .
2 .5 .4  The p resence o f oxygen in  th e  ca rb o n is in g  gas stream
I t  was observed th a t  when 5% oxygen was added to  th e  lam in ar flow  
o f , p reh ea ted  n itro g e n  used in  p rep a rin g  a ch ar sample from s iz e d  p a r t i ­
c le s  o f CRC 601 (a n a ly s is  shown in  Table i )  a t  a HTT o f 800°C, i s o th e r -  
m ally  h ea ted  f o r  80 ms, th e  sw e llin g  was d ra m a tic a lly  suppressed  com­
pared  w ith  a ch ar sample p rep ared  s im ila r ly  b u t in  an atm osphere o f 
n itro g e n  on ly . The p h y s ic a l appearance o f th e se  two samples was e n t i r e ly  
d i f f e r e n t  and th e  bu lk  d e n s ity  o f th e  ch ar p rep ared  in  5% oxygen was more 
th an  double th e  co rresponding  ch ar p rep ared  in  n itro g e n .
Oxygen i s  known to  re a c t  w ith co a l to  form an i r r e v e r s ib le  oxygen 
e f f e c t  (R u ite r  and Tscham ler 19 6 l ) ; h e a tin g  f in e ly  ground co a l a t  175°C 
f o r  a few m inutes was found to  approxim ately  doubt th e  f r e e  r a d ic a l  
co n c e n tra tio n  and decrease  th e  lin e -w id th . The e f f e c t  was though t to  
be due to  t h e ' o x id a tio n  of hydroxyl groups to  resonance s t a b i l i s e d  sem i- 
quinone s t r u c tu r e s .  T h e re fo re , i f  th e  p resence  o f oxygen in  th e  fu rn ac e  
gas had caused any m ajor chem ical s t r u c tu r a l  d if fe re n c e s  in  th e  r e s u l t in g  
c h a rs , th en  th e se  would p robably  a f f e c t  th e  ESR s ig n a ls .
The r e s u l t s  shown in  Tables I I  and I I I  f o r  sp e c tra  drawn in  a i r  and 
in  vacuo dem onstrate  th a t  th e  p resence  o f ~5% oxygen in  th e  fu rn ace  gas 
does*.-not make a s ig n i f ic a n t  d if fe re n c e  to  th e  ESR s p e c tra  o f th e  r e s u l t in g  
ch a rs . A reaso n ab le  ex p lan a tio n  i s  t h a t , a lthough  re a c t in g  w ith  th e  
evo lv ing  v o la t i l e  m a tte r , th e  oxygen cou ld  n o t gain  c o n ta c t w ith  th e  
c h a r: re s id u e  in  th e  tim e allow ed. I t  i s  more p robab le  t h a t  th e  su p p re s­
sion ' o f sw e llin g .b y  oxygen i s  due to  th e  in te r a c t io n  o f oxygen w ith  th e  
evolv ing  v o la t i l e  m a tte r r a th e r  th a n  th e  ch a r re s id u e .
TABLE I I
MEASUREMENTS MADE IN AIR
Treatm ent o f CRC 601 co a l
Eree r a d ic a l  
c o n c e n tra tio n  
p e r  kg
A. Hi 
2
gauss
AHp-p
gauss
Raw co a l 1 .1  x 1022 7 .6 5 .3
100 ms a t  800°C in  N2 4 .8  x 1022 7 .9 5 .3
100 ms a t  800°C in  3% O2 4 .2  x 1022 7 .6 5 .1
TABLE I I I  
MEASUREMENTS MADE IN VACUO-
Treatm ent o f CRC 601 c o a l
Eree r a d ic a l  
c o n c e n tra tio n  
p e r  kg
AH12
gauss
1
AHp-p
gauss
Raw co a l 2 .3  x 1022 7 .6 3 .2
100 ms a t  800°C in  N2 5 .6  x 1022 5*3 2 .9 :
100 ms a t  800°C in  %  02 6 .0  x 1022 5 .3 2 .9
3. EXAMINATION OF CHARS PREPARED BY FLASH HEATING-
3 .1  P re p a ra tio n  of Chars
The chars  examined were p rep ared  from s ize  graded samples o f b r ig h t  
banded c o a ls  whose an a ly ses  a re  shown in  Table IV.
A diagram  o f th e  ap p ara tu s  used f o r  f la s h  h e a tin g  th e  co a l samples 
i s  shown in  P ig . 17- The ap p ara tu s  developed by Granger and Ladner (19&7) 
c o n s is ts  o f a r e f le c t in g  sphere c o n ta in in g  a xenon f la s h - tu b e  and th e  
sam ple-tube, w ith  a  f i l t e r  o f re d  g la ss  in s e r te d  between them so th a t  
th e  co a l was sh ie ld ed  from th e  u l t r a - v i o l e t  and b lu e  components of th e  
'r a d i a t i o n .  The d u ra tio n  o f f la s h  h e a tin g  was about 1 ms and h e a t-  
tre a tm e n t tem pera tu res (HTT’ s) up to  and above 2000°C cou ld  be a t ta in e d .
A s i lv e r  c a lo r im e te r  v/as used to  measure th e  in c id e n t energy on 
th e  sample tu b e . I t  v/as found th a t  50 mm of th e  sample tube re ce iv ed  
uniform  in c id e n t energy. The sample tu b es  were c o n s tru c te d  from 10 mm 
d iam eter s i l i c a  tu b in g , which had p ro v is io n  f o r  serum caps to  be f i t t e d  
( f o r  gas a n a ly s is )  and two way h ig h  vacuum ta p s  fo r  d egassing . The s iz e d  
c o a l used  was found to  s t i c k  n a tu r a l ly  to  th e  in s id e  w a lls  o f th e  tubes 
and by tap p in g  a uniform  la y e r  o f c o a l could  be o b ta in ed . A ll  b u t th e  
. d e s ire d  50 mm le n g th  of th e  c o a tin g  was th en  removed le av in g  ap p ro x i­
m a te ly  1 mg o f ch ar. The tubes were evacuated  a t  a pumping p re s su re  o f 
10”^N/m2 ov ern ig h t b e fo re  be ing  f i l l e d  w ith  argon a t  an a r b i t r a r i l y  
chosen p re s su re  o f 840 mm of m ercury.
To h e a t th e  sample th e  tube was p o s itio n e d  in  th e  r e f l e c t in g  sphere 
as shown in  F ig . 17. A 3 kV charg ing  u n i t  v/as used to  charge a 325 yF 
condenser bank to  th e  d e s ire d  v o ltag e  which was then  d isch a rg ed  th rough  
th e  f la s h  tube  v ia  a 400 pH in d u c tan ce . The d isch a rg e  was t r ig g e re d  by 
a  25 kV p u lse  which low ered th e  e l e c t r i c a l  r e s is ta n c e  down th e  f la s h  tube  
by io n is in g  th e  xenon.
Chars were p rep ared  over a range o f 170 to  1400 Jo u le s  f la s h  in p u t 
energy which corresponded to  r a d ia t io n  f lu x e s  o f 8 .4  to  5 9 .4  k j/m ^ / 
f la s h  in c id e n t  on th e  co a l p a r t i c l e s .  The HTT’ s could  n o t be c a lc u la te d  
a c c u ra te ly , and th e  range o f  h e a t- tre a tm e n ts  i s  re p o r te d  in  term s o f 
f l a s h  in p u t energy and r a d ia t io n  f lu x  in c id e n t on th e  c o a l p a r t i c l e s .
In  o rd e r to  compare th e  ESR r e s u l t s  o b ta in ed  from -the  ch ars  p re ­
p ared  by f la s h  h e a tin g  d i r e c t l y  w ith  th o se  o b ta in ed  from th e  chars  
p rep ared  by a slow er h e a t- tre a tm e n t,  a d d it io n a l  ch ars  were made in  a 
sm all h o r iz o n ta l  e l e c t r i c  fu rn ace . This fu rn ace  v/as a lso  used  to  re h e a t 
some o f th e  chars p repared  by f la s h  h e a tin g .
The e l e c t r i c  fu rn ace  had a r e f r a c to r y  tube o f d iam eter s l i g h t ly
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l a r g e r  than  10 mm so th a t  the  raw c o a l could  he h e a t - t r e a te d  in  th e  same 
s i l i c a  sample tubes as used fo r  th e  f la s h  h e a tin g . The tem pera tu re  o f 
th e  h e a t- tre a tm e n t was e s tim a te d  by p la c in g  a dummy s i l i c a  tube  in  th e  
fu rnace  co n ta in in g  a 3 mm d iam eter sheathed  therm ocouple. A p lo t  of 
te m p e ra tu re ■a g a in s t tim e ( a t  d i f f e r e n t  1S iram ersta t1 .s e t t in g s )  i s  shown 
in  P ig . 18 ; th e  therm ocouple, and hence i t  i s  assumed th e  c o a l p a r t i c l e s ,  
reached  th e  tem pera tu re  o f th e  fu rn ace  w ith in  180 s . A tim e o f  180 s 
in  th e  e l e c t r i c  fu rn aces  was chosen as th e  h e a t- tre a tm e n t f o r  the  r e s u l t s  
p u b lish ed . Chars p repared  a t  HTT's in  th e  range 450-750°C were s tu d ie d . 
3 .2  ESR Measurements and P re lim in a ry  Experim ents 
Because o f th e  sm all q u a n t i t ie s  o f  c o a l used ( -1  mg.) and o f th e  
d i f f i c u l t i e s  o f  removing th e  p rep ared  ch ars  from the  w a lls  o f  th e  s i l i c a  
tu b e s , ESR measurements were c a r r ie d  out on th e  chars w hile  s t i l l  in  th e  
sample tu b e . The BCURA ESR spec tro m ete r was n o t s u i ta b le  fo r  th e  work 
because o f  i t s  low s e n s i t i v i t y  and th e  f a c t  th a t  a re c ta n g u la r  c a v ity  i s  
used. However, th e  U n iv e rs ity  o f S urrey  made a v a ila b le  a H ilg e r  and W atts 
"M icrospin" ESR sp ec trom eter f i t t e d  w ith  a  c y l in d r ic a l  Hq^q c a v ity  th rough  
which th e  10 mm d iam eter sam ple-tube cou ld  be p laced  and i f  c a re  was tak en  
in  p o s i t io n in g  th e  tube rep ro d u c ib le  s p e c tra  cou ld  be o b ta in ed .
S p e c tra  were reco rded  o f  a l l  th e  co a l samples 'in  an atm osphere o f 
argon and most o f th e  chars  in  a non-param agnetic atm osphere c o n s is t in g  
o f argon and th e  v o la t i l e  p roducts  o f  th e  h e a t- tre a tm e n t. •
P re lim in a ry  experim ents showed th a t ,  f o r  each c o a l and d e riv e d  
c h a rs , th e  l in e -w id th  ( AHp-p) rem ained approxim ately  c o n s ta n t. However, 
i t  was observed th a t  chars p rep ared  in  one p a r t i c u la r  tube  produced le s s  
sym m etrically  shaped sp e c tra  th an  th e  r e s t .  This tube had been h ea ted  
many tim es and p a r ts  o f  th e  s i l i c a  appeared to  have c r y s t a l l i s e d  and 
become opaque. Experim ents made w ith  t h i s  tu b e , argon f i l l e d  b u t w ithou t 
c o a l o r ch ar showed th a t  th e  s i l i c a  tube  produced a sm all spectrum  hav ing  
a s l ig h t ly  d i f f e r e n t  g value to  th a t  o b ta in ed  w ith  co a l and c h a r . This 
i s  a known e f f e c t  and i t  i s  though t th a t  the  spectrum  o b ta in ed  i s  due to  
d e fe c ts  in  th e  c r y s ta l l in e  s t ru c tu re  o f th e  s i l i c a  caused by e x ce ss iv e  
h e a tin g . S im ila r  experim ents w ith  s e v e ra l  o th e r c le a r  s i l i c a  tu b es  were 
made, b u t no s p e c tra  were observed. A ll fu tu re  experim ents w ith  co a l 
were made u sing  c le a r  s i l i c a  tubes and o c ca s io n a lly  checks were made on 
b lank  tu b es  to  ensure  th a t  the  tu b es  were no t c o n tr ib u tin g  to  th e  s p e c tra .
S p e c tra  were recorded  o f s e v e ra l ch ars  over a range o f  microwave 
power b u t s a tu r a t io n  d id  not occur even a t  maximum power.
F a c i l i t i e s  v/ere not a v a i la b le  fo r  rec o rd in g  th e  a b so rp tio n  spectrum
0 : ajn^DJSclujai . 
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b u t th e  e a r l i e r  work in d ic a te d  th a t  the  l in e  shapes of sp e c tra  reco rded  
o f a co a l and i t s  d e riv ed  chars  rem ain reasonab ly  c o n s ta n t (F ig s . 15? 
and l 6f)  a t  l e a s t  p r io r  to  th e  chars becoming e l e c t r i c a l l y  conducting . 
T h ere fo re , as the  l in e  w idths ( AHp-p) f o r  each c o a l and d e riv e d  ch ars  
rem ained approx im ate ly  c o n s ta n t, th e  p eak -to -p eak  h e ig h ts  o f th e  sp e c tra  
should  be approxim ate ly  p ro p o r tio n a l to  th e  f r e e  r a d ic a l  c o n c e n tra tio n .
As th e  samples were examined in  s i t u  in  th e  s i l i c a  tu b e s , i t  was p o s s ib le  
to  examine th e  c o a ls  ju s t  p r io r  to  h e a tin g  and th e  chars im m ediately 
a f t e r  h e a tin g  under th e  same experim en ta l c o n d itio n s . T h e re fo re , th e  
changes in  ESR s ig n a l  w ith  h e a t- tre a tm e n t a re  re p o rte d  as th e  r a t i o  of 
th e  peak -to -p eak  h e ig h ts  a f t e r  and b e fo re  h e a tin g . A sample o f CRC J>QVo 
co a l in  an atm osphere o f argon was r e ta in e d  th roughout a l l  th e  e x p e r i­
ments as a  s tan d a rd  to  check th e  g a in  o f th e  spec tro m ete r.
3-3 R e su lts  and D iscussion
3 .3 .1  Chars P repared  by F la sh  H eating  
F ree R ad ica l C o n cen tra tion
F ig s . 19 and 20 show th e  r a t i o  o f th e  peak -to -p eak  h e ig h ts  o f  th e  
ESR s ig n a ls  a f t e r  and b e fo re  f la s h  h e a tin g  as a fu n c tio n  o f f la s h  in p u t 
energy (and in c id e n t f lu x ) f o r  th e  301b and 902 c o a ls  re s p e c t iv e ly .  F or 
bo th  c o a ls  th e  f r e e  r a d ic a l  c o n ce n tra tio n s  r i s e  w ith  in c re a s in g  f la s h  
in p u t energy to  an i l l - d e f in e d  maximum and th en  decrease  slow ly . One 
o f th e  most n o tab le  f e a tu re s  o f ESR s tu d ie s  o f  chars- p rep ared  by slow 
h e a t- tre a tm e n t i s  th e  ra p id  d ecrease  in  s ig n a l  w ith  in c re a s in g  HTT as 
th e  char becomes e l e c t r i c a l l y  conducting , b u t t h i s  f e a tu re  does n o t 
occur w ith  f la s h  h e a tin g .
' In  f a c t ,  because th e  onset o f e l e c t r i c a l  c o n d u c tiv ity  in  chars  
p rep ared  by slow h e a t- tre a tm e n ts  above th e  HTT of maximum f r e e  r a d ic a l  
c o n c e n tra tio n  in tro d u ces  experim en tal d i f f i c u l t i e s ,  the  f r e e  r a d ic a l  
c o n c e n tra tio n s  beyond th e  maximum a re  co n sid e red  only as ap p aren t con­
c e n tr a t io n s .  However, no evidence was found fo r  e l e c t r i c a l  c o n d u c tiv ity  
in  th e  chars  p repared  by f la s h -h e a t in g ,  and th e re fo re ,  th e  subsequent 
decrease  in  f r e e  r a d ic a l  c o n c e n tra tio n  a f t e r  th e  maximum i s  a r e a l  
decrease  in  u n p a ired  sp in s . I t  i s  p robable  th a t  th e  ap p aren t maximum i 
f r e e  r a d ic a l  c o n ce n tra tio n s  re p o rte d  in  s e c tio n  2 a re  r e a l  maxima, th e  
e l e c t r i c a l  p ro p e r t ie s  o f the  chars  only c o n tr ib u tin g  p a r t ly  to  th e  
re d u c tio n  in  th e  s ig n a l s iz e .
Shape o f th e  S p e c tra
The l in e  w idths ( A IIp-p) were measured from a l l  th e  s p e c tra  re co rd ed  
and th ey  were found to  be approx im ate ly  c o n sta n t a t  about 3 gauss f o r  th e
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Fig.20. Plot of the ratio of peak-to-peak heights after/before 
flash heating versus flash input energy for coal CRC 801b
CRC 301b co a l and d e riv ed  c h a rs . As bo th  c o a ls  had approx im ately  th e  
same t o t a l  hydrogen co n ten t i t  i s  probab le  th a t  th e  narrow er A/Hp-p 
value fo r  th e  CRC 301b co a l was due to  ’exchange narrow ing’ as t h i s  
c o a l co n ta in s  more arom atic  s t ru c tu re s  than  th e  CRC 902 c o a l.
Tar
The r e s u l t s  ob ta ined  above were from th e  t o t a l  p ro ducts  o f f l a s h -  
h e a tin g  c o a ls . T h e re fo re , i t  was decided  to  in v e s t ig a te  th e  c o n tr ib u tio n , 
i f  any, o f th e  t a r  p re se n t. The d i f f i c u l t y  was th a t  i n ’removing th e  t a r  
by chloroform  or p y rid in e  e x tra c t io n  some o f th e  char re s id u e  was rem oved .• 
This o c c u r re d 'e s p e c ia l ly  f o r  th e  ch ars  p rep ared  a t  low f la s h  in p u t e n e r­
g ie s ,  indeed  a t  th e  lov/est e n e rg ie s  most o f th e  ch ar was removed. There­
fo r e ,  o n ly \th e  chars  p rep ared  a t  h igh  in p u t en erg ies  were compared 
d i r e c t ly  w ith  and w ithou t th e  o th e r p ro d u c ts  o f th e  h e a t- tre a tm e n t.
These r e s u l t s  in d ic a te d  th a t  th e  t a r s  d id  not make any s ig n i f ic a n t  con­
t r i b u t io n  to  th e  o v e ra l l  ESR s ig n a l .
To in v e s t ig a te  th e  t a r  d i r e c t ly  th e  t a r  re s id u es  were .c o lle c te d  
from a number o f experim ents, d is so lv e d  in  chloroform  and by a p ro cess  
o f ev ap o ra tio n  and r o ta t io n  d e p o sited  around th e . in s id e  w a lls  o f  a s i l i c a  • 
sample tu b e . The tube was evacuated  and f i l l e d  v/ith  argon in  th e  normal 
way b e fo re  examining th e  t a r .  The s ig n a l o b ta in ed  from 21 mg o f  t a r  was 
very  sm all compared w ith  th a t  o f th e  char samples and s u rp r is in g ly  b road ,
( A Hp-p ~ 7 g a u ss ) ; no evidence was found fo r  s a tu r a t io n . No meaning­
f u l  f r e e  r a d ic a l  c o n ce n tra tio n  cou ld  be determ ined  b u t th e  c o n tr ib u tio n  
o f  th e  t a r  to  th e  r e s u l t s  shown in  F ig s . 19 and 20 was e s tim a te d  to  be 
much le s s  than  ICP/o.
F ree  R ad ica ls  and V o la t i le  M atter
Because o f th e  sm all q u a n t i t ie s  o f sample and th e  d i f f i c u l t i e s  in  
removing th e  ch ar from th e  tu b es  th e  chars were n o t analysed  o th e r  th an  
by ESR. However, Granger (19 68) measured the  y ie ld  o f t a r  and gas p ro ­
duced. He found fo r  th e  CRC 301b c o a l th e  t a r  y ie ld  ro se  to  a maximum 
o f 33 .6^  w/w  a t  46 k j/m ^ /f la sh  and th en  g ra d u a lly  decreased  as th e  
th erm al c rack in g  of th e  t a r s  in c re a s e s . The gas y ie ld  g ra d u a lly  in c re a se d  
w ith  in c id e n t f lu x  to  about 2 .5% w/w  a t  60 k j/m ^ /f la sh .
. The t a r  y ie ld  f o r  th e  CRC 902 co a l ro se  to  a maximum o f 1 &?o w/w  a t  
26 k j/m ^ /f la sh  and th e  gas y ie ld  g ra d u a lly  in c re a se d  to  about 1 CP/o w/w  a t  
60 k j /m ^ /f la sh . The 301b co a l re le a se d  f a r  more v o la t i l e  m a tte r  than  
th e  902 co a l in  s p i te  o f having a low er B r i t i s h  S tandard  v o la t i l e  m a tte r  
c o n ten t. Granger (1968) a t t r ib u te d  th i s  to  th e  sw ellin g  b eh av io u r of 
th e  c o a ls .
The maximum f r e e  r a d ic a l  c o n ce n tra tio n s  (see  F ig s . 19 and 20) occur 
a t  approx im ately  th e  same f la s h  in p u t e n e rg ie s  as th e  maximum t a r  y ie ld s .
I t  i s  p o s s ib le  th a t  th e re  i s  some c o r r e la t io n  between t a r  re le a s e  and 
f r e e  r a d ic a l  c o n ce n tra tio n .
F ig . 21 shows th e  r a t i o  o f th e  in c re a se  in  th e  p eak -to -p eak  h e ig h ts  
o f  th e  ESR s ig n a ls  b e fo re  and a f t e r  f la s h -h e a t in g  as a fu n c tio n  o f th e  
t o t a l  t a r  p lu s  gas re le a s e  f o r  th e  CRC 301b and 902 c o a ls . The exp lana­
t io n  o f  th e  c u r l  on th e  curve re p re se n tin g  th e  CRC 301b co a l i s  th a t  a t  
th e  h igh  energy■in p u ts  therm al c rack in g  o f th e  t a r s  and gases occurs 
producing carbon w hich, a lthough  p a r t  o f th e  v o l a t i l e  m a tte r r e le a s e ,  
i s  n o t in c lu d ed  in  th e  t o t a l  t a r  p lu s  gas r e le a s e .  I t . i s  p ro b ab le , 
th a t  i f  h ig h e r energy in p u ts  were used  and th e  cracked  carbon could  be 
added to  th e  t a r  p lu s  gas r e le a s e ,  th a t  th e  curve fo r  the  CRC 301b co a l 
in  F ig . 21 would con tinue  to  d ecrease  in  a  s im ila r  manner to  th e  curve 
f o r  th e  CRC 902 co a l.
The shape of the curve fo r  th e  CRC 902 c o a l i s  o f  s im ila r  shape to  
th a t  which one would expect f o r  a slow er h e a t- tre a tm e n t (see  F ig . 14) 
w ith  th e  excep tion  th a t  th e  decrease  in  r a d ic a l  c o n c e n tra tio n  w ith  v o la ­
t i l e  m a tte r re le a s e  would be even sh a rp e r because in  slow er h e a t- tre a tm e n ts  
th e  decrease  in  r a d ic a l  c o n c e n tra tio n  corresponds to  th e  ch ar becoming 
e l e c t r i c a l l y  conducting .
The 1 ms h e a tin g  tim e i s  s u f f ic ie n t  f o r  th e  h igh  sw e llin g  CRC 301b" 
c o a l to  re le a s e  th e  b u lk  o f i t s  v o la t i l e  m a tte r  a t  h igh  f l a s h  in p u t 
e n e rg ie s . However, th e  s o l id  s ta t e  re-a rrangem en ts  n ecessa ry  to  produce 
an o rdered  s t ru c tu re  th a t  le ad s  to  th e  m a te r ia l  conducting  e l e c t r i c i t y  
have n o t s u f f ic ie n t  tim e to  occur. That i s ,  th e se  re -a rran g em en t re a c ­
tio n s  re q u ire  more th an  1 ms b u t le s s  th a t  30 ms (see  F ig . 12) to  occur.
By f la s h  h e a tin g  i t  appears p o ss ib le  to  produce a carbonaceous m a te r ia l  
having l i t t l e  o r no v o l a t i l e  m a tte r  which i s  s t i l l  e l e c t r i c a l l y  non­
conducting .
R epeated F la sh  H eating
The e f f e c t  o f re p e a te d  f la s h  h e a tin g  was s tu d ie d  on th e  CRC 301b 
c o a l and th e  r e s u l t s  a re  shown in  Table V. At th e  two low er f l a s h  in p u t 
e n e rg ie s , i . e .  240 and 420 J  th e  second h e a tin g  r e s u l te d  in  an in c re a se d  ■ 
ESR s ig n a l  b u t f u r th e r  h e a tin g  made no in c re a se . At 1400 J ,  re h e a tin g  
had no s ig n i f ic a n t  e f f e c t  on th e  ESR s ig n a l ,  in d ic a t in g  th a t  th e  r e ­
h e a tin g  d id  no t a l t e r  th e  s t ru c tu re  o f th e  ch ar. I t  i s  p o s s ib le  th a t  
above a c e r ta in  f la s h  energy th e  dominant f a c to r  in  th e  e x te n t o f th e  
re a c tio n  i s  th e  tim e a t  th e  maximum tem p era tu re . The d u ra tio n  o f  th e
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f la s h ' i s  very  sh o rt and re f la s h in g  only  b rin g s  th e  prim ary products o f 
f l a s h  h e a tin g  ( th e  q u a n tity  and com position o f t a r  and gas were a lso  
u n a lte re d )  up to  tem p era tu res  a t  which th e y  a re  . .s t i l l  s ta b le .  Thus, 
to  a l t e r  th e  prim ary p ro d u c ts , i t  would be n ecessa ry  to  re -h e a t  a t  
th a t  tem peratu re  fo r  a lo n g e r p e rio d . U n fo rtu n a te ly  i t  has not been 
p o s s ib le  to  s ig n i f ic a n t ly  len g then  th e  d u ra tio n  o f th e  f la s h .
TABLE V
EFFECT OF A NUMBER OF FLASHES
No. of 
F la sh es
P eak -to -peak  H eight (A rb itra ry  U n its) a t  F la sh  In p u t
E nerg ies  o f:
240 J 420 J 1400 J
0 10 11 11
1 15 26 30
2 20 30 29
3 20 30 28
4 21 27 29
5 21 26
E f fe c t  o f Atmosphere
The ESR sp e c tra  o f s e v e ra l  chars which had been p rep a red  from 
CRC 301b co a l h ea ted  a t  h igh  f la s h  in p u t energy in  oxygen/argon m ix tures 
and in  hydrogen were reco rd ed  in  argon. No s ig n i f ic a n t  d if f e re n c e s  were 
found betwreen th e  sp e c tra  o f th e se  chars and chars  p rep ared  in  argon a t  
s im ila r  energy in p u ts . These r e s u l t s  a re  in  agreem ent w ith  th o se  found 
p re v io u s ly  f o r  ra p id  h e a t- tre a tm e n ts  ( s e c t io n  2 .5 -4 ) and f u r th e r  in d ic a te  
th a t  a t  th e se  f a s t  h e a tin g  tim es th e  n a tu re  o f th e  gas su rround ing  th e  
co a l has no e f f e c t  on th e  f r e e  r a d ic a l  c o n ce n tra tio n  o f th e  r e s u l t in g  
ch ar. I t  i s  p robable  th a t  th e  gas cannot gain  c o n ta c t w ith  th e  ho t 
ch ar because o f th e  evo lv ing  v o la t i l e  m a tte r.
3 -3 -2  Chars P repared  in  a H o riz o n ta l Tube Furnace 
The chars  p repared  by f la s h  h e a tin g  and examined by ESR in  s i t u , 
were p o s itio n e d , because o f th e  s i l i c a  sample tu b e , c i r c u m fe re n t ia l ly
in  sm all c o n ce n tra tio n  approxim ately  4  mm away from th e  c e n tre  o f th e  
c a v ity , in  c o n tra s t  to  the  g en era l p r a c t ic e  o f p o s it io n in g  th e  sample 
in  th e  c e n tre  o f the  c a v ity . T h e re fo re , i t  was d e s ira b le  to  examine th e  
chars  p rep ared  by th e  slow er more co n v en tio n a l h e a t- tre a tm e n t u s in g  th e  
same ex p erim en ta l method. F u r th e r , i t  was d e s ire d  to  re h e a t th e  chars 
p repared  by f la s h  h e a tin g  w ithou t removing th e  ch ars  f o r  lo n g e r p e rio d s  
than  1 ms. T h ere fo re , th e  method o f h e a tin g  in  a  fu rn ace  d e sc rib e d  in  
S e c tio n  3 .1  was developed.
Free R ad ica l C oncen tra tions
F ig . 22 shows th e  r a t i o  o f th e  p eak -to -p eak  h e ig h ts  measured in  
argon a f t e r  and b e fo re  h e a tin g  as a fu n c tio n  o f HTT f o r  ch ars  p rep ared  
from th e  902 and 301b c o a ls . The HTT a t  which th e  maximum c o n c e n tra tio n  
f o r  th e  301b c o a l occurs i s  about 660°C which i s  between th e  HTT’ s 
o f  th e  maxima f o r  th e  s lo yi h e a tin g  and th e  70 ms iso th e rm a l h e a tin g  of 
th e  same rank  co a l (see  F ig . 13). The ESR s ig n a l  decreases  r a p id ly  w ith  
in c re a s in g  HTT as th e  chars become e l e c t r i c a l l y  conducting and a t  a  HTT 
o f . about 730°C th e  s ig n a l  was to o  weak to  d e te c t .  The e l e c t r i c a l  con­
d u c t iv i ty  o f  th e  ch ars  was ev id en t when observ ing  the  Q f a c to r  v ia  th e  
c a v ity  mode d isp la y ed  on th e  o s c il lo sc o p e .
The maximum r a d ic a l  c o n ce n tra tio n  f o r  th e  low rank  902 c o a l chars  
i s  much le s s  than  th a t  f o r  th e  301b co a l chars b u t t h i s  i s  in  keeping  
w ith  slow er h e a t- tre a tm e n ts  (Ladner and W heatley 19&5)• maximum
in c re a se  (x 25) in  f r e e  r a d ic a l  c o n c e n tra tio n  f o r  th e  301b c o a l on' 
h e a tin g  i s  c o n sid e rab ly  g re a te r  th an  any p re v io u s ly  re p o r te d . The 
s t a b i l i t y  o f the  f r e e  r a d ic a ls  in  one o f th e se  ch ars  was examined and 
th e  r e s u l t s  ta b u la te d  in  Table VI.
TABLE VI 
STABILITY OF FREE RADICALS
S uccessive  T reatm ents
L ine-w id th  
A Hp-p 
(A rb itra ry  U nits)
P eak -to -p eak  
H eight 
(A rb itra ry  U n its)
Rav/ 301b Coal 5 8
ISO s in  fu rn ace  a t  650°C . . 5 180
No f u r th e r  tre a tm e n t b u t measure­
ment re-made 1 week l a t e r 5 170
Opened to  a i r  ........................ 12.3 7
R e-evacuated  and f i l l e d  w ith  argon 5 140
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Leaving th e  char f o r  one week in  an atm osphere o f argon re s u l te d  
in  a sm all d ecrease  in  the  ESR s ig n a l .  On opening th e  sample to  a i r  a 
s tro n g  'oxygen e f f e c t '  was. observed , th e  s iz e  o f th e  spectrum  being  
d ra m a tic a lly  reduced , th e  peak -to -p eak  h e ig h t being  le s s  th an  th a t  o f 
th e  o r ig in a l  c o a l. On re -e v a c u a tio n  and f i l l i n g  th e  sample tube w ith  
argon th e  la rg e  narrow s ig n a l  was no t q u ite  com pletely  r e s to re d , suggest' 
ing  th e  'oxygen e f f e c t '  i s  n o t com pletely  r e v e r s ib le  in  t h i s  in s ta n c e . 
Oxygen E f fe c t
The 'oxygen e f f e c t '  of t h e .chars  p rep ared  in  th e  h o r iz o n ta l  tube  
fu rn ace  was examined f o r  the  902 and 301b co a ls  over th e  tem peratu re  
range 450-750°C. The r e s u l t s  a re  shown in  Table V II.
TABLE V II
The s tro n g  'oxygen e f f e c t '  o f th e  chars p re ­
pared  in  th e  tube  fu rn ac e . Measurements of 
l in e -w id th s  ( A Hp-p) and p eak -to -p eak  h e ig h ts  
(hp_p) in  a r b i t r a r y  u n i ts  from s p e c tra  drawn 
in  argon and in  a i r .
NCB
Coal
Rank
Code
F in a l 
Tem perature 
a f t e r  180 s 
in  Furnace
(°c)
Exam ination 
in  Argon
Exam ination 
in  A ir
Measurements in  A rb itra ry  U n its
A Hp-p hP“P A Hp-p hp-p
490 ■ 7 .11 11 8
540' 6.5 13 11 9
902 600 6.25 29 12 10
633 6 32 16 3
715 16 4 n o t d e te c te d
room tem peratu re 4 .25 8 8.5 5
470 4.25 11 9 6
530 4 .5 18 10 8
301b 615 4 .5 103 10.5 13
645 4 .75 104 11 3
720 4 .75 25 n o t d e t e c te d
There was a  s tro n g  'oxygen e f f e c t '  f o r  a l l  th e  chars  examined b u t th e  
e f f e c t  was s tro n g e s t  f o r  the 301b c o a l and was most marked f o r  th e  ch a rs
which had th e  maximum f r e e  r a d ic a l  co n ten t when examined in  a non- 
param agnetic atm osphere. That i s ,  f o r  th e  chars  p rep ared  a t  HTT's ju s t  
below which th e  chars become e l e c t r i c a l l y  conducting.
The Tq re la x a tio n  tim e d ec rea se s-w ith  in c re a s in g  HTT and a t  Tq 
tim es o f 10-7s th e  l in e -w id th  i s  broadened (Ingram 1958); a tim e of 
10*"® s corresponds to  a A Hi value o f about 30 gauss. When chars  possess  
Tq re la x a tio n  tim es o f th e  o rd er o f 10*"7S a sm all in c re a se  in  HTT can, 
because o f th e  concom itant decrease  in  Tq, co n sid e rab ly  in c re a se  th e  l i n e -  
w id th . Smidt and-van K revelen (1959) showed th a t  fo r  c o a ls ,  Tq tim es 
measured in  vacuo (and i t  i s  assumed non-param agnetic atm osphere) were 
lo n g e r th an  th o se  measured in  a i r .  Chars p robab ly  behave s im i la r ly  to  
co a ls  in  t h i s  re s p e c t .  T h e re fo re , Tq w i l l  decrease  more ra p id ly  w ith  
in c re a s in g  HTT when examined in  a i r  th an  in  vacuo o r non-param agnetic 
atm osphere.
This th eo ry  i s  supported  by th e  measurements o f l in e -w id th s  and 
peak -to -p eak  h e ig h ts  f o r  the  CRC 902 c o a l h ea ted  to  655° and 715°C f o r  
180 s (see  Table V I l ) . The d if fe re n c e  between th e  sp e c tra  o f th e  655° 
and 715° C chars  when examined in  argon i s  approx im ately  th e  same as th e  
d if fe re n c e  between th e  sp e c tra  o f th e  655°C char when measured in  argon 
and in  a i r .  •
The 'oxygen e f f e c t '  depends on th e  a c c e s s ib i l i ty  o f th e  f r e e  r a d i ­
c a ls  in  th e  ch ar to  oxygen m olecules. Assuming th a t  one f r e e  r a d ic a l  • 
'com bines' w ith  one oxygen m olecule w ith  an approxim ate su rfa ce  coverage 
of 15 A^ (Cregg and S ing  19&7)> then  f o r  th e  h igh  r a d ic a l  co n ten t ch ars  
p rep ared  from 301b c o a l in  th e  h o r iz o n ta l  tube  fu rn ace  a  su rfa ce  a re a  o f 
about 75 ni^/g o f oxygen m olecules e x i s t s  on th e  b a s is  o f th e  p a ir in g  o f 
u n p a ired  e le c tro n s  a lo n e . A s im ila r  c a lc u la t io n  f o r  chars  p rep ared  from 
the  same co a l bjr a slow er h e a t- tre a tm e n t ( in  th e  o rd e r o f hours) in d i ­
c a te s  a  su rface  a re a  o f about 7*5 ni^/g, occupied ’03?- oxygen m olecules 
combining w ith  f r e e  r a d ic a ls .  I t  i s  p o s s ib le  th a t  th e  180 s h e a t-  
tre a tm en t produces chars  w ith  h ig h e r t o t a l  su rfa ce  a re a s  th an  slow er 
h e a t- tre a tm e n ts ,  b u t as su rface  a reas  in  th e  o rd e r o f 7 5 -ni^/g have been 
determ ined fo r  th e se  (Bond and Spencer 1958) no firm  co n c lu s io n s  can be 
made.
F lash  H eating  Followed by R e-heat
The chars p repared  by f la s h  h e a tin g  a t  h igh  in p u t e n e rg ie s , which 
had l o s t  t h e i r  v o l a t i l e  m a tte r bu t whose s t r u c tu r e  v/as i n s u f f i c i e n t ly  
o rdered  to  conduct e l e c t r i c i t y ,  only re q u ire d  a very  sh o r t p e r io d  in  
th e  fu rn ace  a t  tem pera tu res  above 750°C to  re -a rra n g e  to  become
e l e c t r i c a l l y  conducting . As th e  tim e re q u ire d  fo r  t h i s  re -arrangem ent 
a t  th e se  tem p era tu res  i s  p robab ly  in  th e  o rd e r of a few m ill i - s e c o n d s , 
re -h e a t in g  in  th e  fu rnace  was no t con sid ered  a s u i ta b le  ex p erim en ta l 
procedure to  in v e s t ig a te  th e  re -arrangem ent as a  fu n c tio n  o f tim e ..
S ev e ra l re -h e a t  tre a tm en ts  on 301b co a l chars  prepared, by f la s h  
h e a tin g  were c a r r ie d  out w ith  th e  fu rnace  a t  650°C, a tem p era tu re  a t  
which th e  o r ig in a l  c o a l, when h ea ted  fo r  180 s produced a ch ar c o n ta in ­
ing  more than  20 tim es th e  f r e e  r a d ic a ls  o f th e  o r ig in a l  c o a l. The 
e f f e c t  o f f la s h  h e a tin g  p r io r  to  r e -h e a t in g  in  th e  fu rnace  depended on 
th e  f la s h  in p u t energy used. One sample f la s h  h ea ted  a t  470 J  which 
produced a char having 2 .5 tim es th e  r a d ic a l  co n ce n tra tio n  o f th e  o r i ­
g in a l  c o a l, on re h e a tin g  produced a ch ar c o n ta in in g  28 tim es th e  r a d ic a l  
c o n c e n tra tio n  o f th e  o r ig in a l  c o a l. However, re p e a tin g  t h i s  experim ent 
w ith  samples th a t  had been f la s h  h ea ted  a t  1400 J  produced, r a d ic a l  
in c re a se s  a t  only 10 tim es th e  r a d ic a l  c o n ce n tra tio n  o f th e  o r ig in a l  
c o a l. In  th e se  experim ents th e  lin e -w id th s  ( A Hp-p) a l l  rem ained 
approxim ately  c o n s ta n t. I t  appears th a t  f la s h  h e a tin g  b e fo re  h e a t in g ,  
in  th e  fu rn ace  enhances th e  f i n a l  r a d ic a l  c o n c e n tra tio n  when th e  f la s h  
in p u t energy i s  le s s  than  i s  re q u ire d  fo r  the  maximum r a d ic a l  concen­
t r a t i o n  (see  F ig . 19) and reduced th e  f i n a l  r a d ic a l  c o n c e n tra tio n  when 
th e  f la s h  in p u t energy i s  more th an  i s  re q u ire d  f o r  th e  maximum r a d ic a l  
c o n c e n tra tio n .
S o lven t E f fe c t
The re -h e a tin g  experim ent, when th e  co a l had i n i t i a l l y  been h ea ted  
a t  a  f la s h  in p u t energy o f 1400 J ,  was re p e a te d  when th e  t a r  had been 
e x tra c te d  w ith  chloroform  a f t e r  th e  f l a s h  h e a tin g . The o b je c t o f  t h i s  
experim ent be ing  to  see th e  c o n tr ib u tio n  i f  any of th e  t a r  in  th e  f o r ­
m ation o f  r a d ic a ls  on re -h e a t in g . The s p e c tra  obtained, from th e se  r e ­
h eated  ch ar re s id u es  were e n t i r e ly  d i f f e r e n t  from th o se  o b ta in ed  p re ­
v io u s ly , th e  peak -to -p eak  h e ig h ts  were le s s  th an  th e  o r ig in a l  c o a l and 
th e  lin e -w id th s  ( A Hp-p) tw ice  th a t  o f th e  o r ig in a l  c o a l. T h is e f f e c t  
was found to  be re p ro d u c ib le .
The experim ent was re p e a te d  u sin g  p y rid in e  as th e  so lv e n t in s te a d  
o f chloroform  to  e x tr a c t  th e  t a r  p r io r  to  h e a tin g  in  th e  fu rn a c e . The 
s p e c tra  ob ta in ed  from th e  sample e x tra c te d  w ith  p y rid in e  was th e  same 
as th a t  o b ta in ed  from th e 'u n e x tra c te d  ch ar sam ples. This experim ent 
was a lso  found to  be re p ro d u c ib le  and in d ic a te d  th a t  p resence  o f th e  
t a r  du ring  re -h e a t in g  d id  n o t make any s ig n i f ic a n t  c o n tr ib u tio n  to  th e  
f i n a l  r a d ic a l  c o n c e n tra tio n , a lso  th a t  th e  e f f e c t  d e sc rib e d  co u ld  be
a t t r ib u te d  in  some way to  th e  chloroform .
The procedure used in  p rep a rin g  the sam ples e x tra c te d  w ith  
chloroform  was th e  same as th a t  used p re v io u s ly , th a t  i s ,  a f t e r  e x tra c ­
t io n  th e  sample tubes were evacuated  fo r  a t  l e a s t  s ix  hours a t  10~^N/m^ 
p r io r  to  being  f i l l e d  w ith  argon, th e re fo re  a l l  th e  p h y s ic a lly  sorbed 
chloroform  should have been removed. F u r th e r , th e  s p e c tra  ob ta ined  
a f t e r  e x tra c t io n  were s im i la r 't o  th o se  ob ta in ed  b e fo re  e x tra c t io n .  I t  
i s  only d u ring  th e  re -h e a tin g  th a t  th e  d if fe re n c e s  occur th e re fo re  th e re  
a re  two p o s s i b i l i t i e s .  The chloroform  removes some component which 
p y rid in e  does n o t and th e  absence o f th i s  component causes th e  s t r u c ­
t u r a l  d if fe re n c e s  observed on re -h e a t in g , o r more l ik e ly ,  some c h lo ro ­
form chem ically  r e a c ts  or i s  chem isorbed on th e  char which on re -h e a t in g  
causes th e  observed e f f e c t s .  I t  would re q u ire d  more ex p erim en ta l work 
b e fo re  a  more comprehensive e x p lan a tio n  can be made as to  why c h lo ro ­
form e x tra c t io n  p r io r  to  re -h e a tin g  causes th e  broad  ESR s ig n a l  o f low 
in te n s i ty  th a t  has been observed.
4 .  CONCLUSIONS OF PART I
I t  has been found th a t  s ta b le  f r e e  r a d ic a ls  a re  formed by ra p id ly ' 
h e a tin g  co a l p a r t i c le s  a t  s im ila r  r a te s  to  th o se  used in  p u lv e r is e d  
c o a l com bustion. However, th e  r e s u l t s  o b ta in ed  from t h i s  ESR examina­
t io n  o f chars  p repared  by s e v e ra l ra p id  h e a t- tre a tm e n ts  have demons­
t r a t e d  th a t  th e  param eters f o r  ch ars  p rep ared  by slow therm al decom­
p o s i t io n  o f co a l a re  no t n e c e s s a r i ly  a p p lic a b le  to  th o se  p rep ared  by 
ra p id  h e a t- tre a tm e n ts . For example, f r e e  r a d ic a ls  have been shown to  
e x i s t  in  e l e c t r i c a l l y  non-conducting  chars  p rep ared  by h e a tin g  sm all 
c o a l p a r t i c l e s  fo rsb o u t 1 ms to  tem p era tu res  e s tim a te d  to  be in  excess 
o f 2000°C.
The f r e e  r a d ic a l  c o n c e n tra tio n  of co a l ch ars  has been found to  . 
be c r i t i c a l l y  dependent on th e  r a t e ,  d u ra tio n  and tem p era tu re  o f h e a t-  
tre a tm e n t. Table V III shows th e  dependence o f  th e  h e a t- tre a tm e n t 
tem pera tu re  (HTT) co rrespond ing  to  maximum f r e e  r a d ic a l  c o n c e n tra tio n  
on th e  d u ra tio n  of h e a tin g .
TABLE V III
The dependence o f  th e  HTT corresponding  to  th e  maximum
fr e e  r a d ic a l  c o n ce n tra tio n  on th e  d u ra tio n  o f h e a t-  
tre a tm en t f o r  CRC 301b c o a l.
)
H ea t- trea tm en t slow(hours) 180 s .90 ms 1 ms
HTT o f maximum f r e e  
r a d ic a l  c o n ce n tra tio n  (°C) 570 660 750 > 1000
There was a very  la rg e  in c re a se  in  f r e e  r a d ic a l  c o n c e n tra tio n  
when CRC 301b co a l was h eated  in  argon to  660°C in  180 s . The peak- 
to -p eak  h e ig h t o f th e  f i r s t  d e r iv a t iv e  s ig n a l o b ta in ed  from th e  ch ars  
was. 23 tim es th a t  o b ta ined  from th e  c o a l and th e  l in e -w id th  ( AHp-p) 
rem ained c o n s ta n t. I f  th e  l in e  shape rem ained th e  same, th en  th e  
r a d ic a l  c o n c e n tra tio n  would be about 75 x 1 0 ^ /k g  e q u iv a len t to  
approx im ately  1 u n p a ired  e le c tro n  p e r 100 carbon atoms. T his i s  
b e lie v ed  to  be th e  h ig h e s t c o n c e n tra tio n  o f r a d ic a ls  re p o r te d  f o r  any 
c o a l ch ar.
I t  was found fo r  a l l  th e  h e a t- tre a tm e n ts  used th a t  th e  f r e e  
r a d ic a l  c o n c e n tra tio n  s ta r te d  to  in c re a se  as th e  co a l s t a r t e d  to
decompose. In c re a se s  in  f r e e  r a d ic a l  c o n c e n tra tio n  w ith  HTT were 
always found to  he concom itant w ith  th e  r e le a s e  o f v o la t i l e  m a tte r. 
However, th e  re le a s e  o f  v o l a t i l e  m a tte r cannot be d i r e c t ly  r e la te d  
to  f r e e  r a d ic a l  c o n c e n tra tio n  because above a c e r ta in  v o l a t i l e  m a tte r  
r e le a s e  th e  f r e e  r a d ic a l  c o n ce n tra tio n  was found to  d ecrease . F u r th e r ,  
th e  maximum f r e e  r a d ic a l  c o n c e n tra tio n s  o f  ch ars  p rep ared  by ra p id ly  
h e a tin g  (^ 1 0 0  ms) were low er than  th o se  o b ta ined  by slow er h e a t-  
tre a tm e n ts , even though ra p id  h e a tin g  produces more v o la t i l e  m a te r ia l  
th an  slow h e a tin g . The chars  p rep ared  by f la s h  h e a tin g  th e  CRC 301b 
co a l a t  th e  h ig h e s t f la s h  in p u t e n e rg ie s  had l o s t  n e a r ly  a l l  t h e i r  
v o l a t i l e  m a tte r  b u t were s t i l l  e l e c t r i c a l  non-conductors and con­
ta in e d  approxim ately  3 x 10^2 f r e e  r a d ic a ls /k g .  The tim e re q u ire d  
a t  a  tem p era tu re  o f 700°C o r above f o r  th e se  chars  to  be s t r u c tu r a l ly  
rea rran g ed  and b e c o m e 'e le c tr ic a l ly  conducting  was e s tim a te d  to  be le s s  
than  a second. T h e re fo re , th e se  ch ars  can be co n sid ered  as tem pera­
tu r e  s e n s i t iv e  e l e c t r i c a l  one way sw itch es .
F or h e a t- tre a tm e n ts  le s s  than  100 ms th e  p resence o f oxygen in  
th e  h e a t- tre a tm e n t gas d id  no t appear to  a f f e c t  th e  f r e e  r a d ic a l  con­
te n t  of th e  r e s u l t in g  c h a rs , presum ably th e  oxygen cannot ga in  c o n ta c t 
w ith  th e  ho t ch ar because o f th e  evo lv ing  v o la t i l e  m a tte r . T h e re fo re , 
i t  i s  thought th a t  o x id a tio n  (o r  combustion) o f th e  ch ar does no t occur 
u n t i l  th e  v o l a t i l e  m a tte r has been re le a se d .
Only th e  work on co a ls  and co a l chars  has been d isc u sse d  in  t h i s  
th e s i s  and review  (Appendix C) ; a lthough  a co n sid e ra b le  amount o f  work 
has been done on th e  ESR o f carbonaceous m a te r ia ls  produced by h e a t-  
t r e a t in g  v a rio u s  pure compounds and polym ers. T his has been a d e l ib e r ­
a te  p o lic y , because i t  was thought l i t t l e  cou ld  be gained  a t  t h i s  s tag e  
by r e f e r r in g  to  th e  Work re p o rte d  in  th e se  r e la te d  f i e ld s .  The s t r u c ­
tu re s  o f ch ars  g e n e ra lly  rem ain unsolved  and c o a l ch ars  a re  more complex 
than  most. T h e re fo re , the  n a tu re  o f th e  f r e e  r a d ic a ls  in  ch ars  i s  
g e n e ra lly  discussed, only  in  h y p o th e tic a l  term s.
The chars  prepared, by f la s h  h e a tin g  were examined, by ESR over a 
wide~HTT range v-dthout having th e  ex p erim en ta l co m p lica tio n  o f examin­
ing  e l e c t r i c a l l y  conducting  m a te r ia ls . The f r e e  r a d ic a l  c o n c e n tra tio n  
was found to  r i s e  to  a maximum and then  decrease  g ra d u a lly  w ith  in c r e a s ­
ing  HTT; th e  lin e -w id th s  ( AHp-p) rem aining approxim ately  c o n s ta n t 
th roughou t. These r e s u l t s  support the  th eo ry  th a t  th e  u n p a ired  e le c ­
tro n s  in  co a ls  and chars  a re  7f e le c tro n s  lo c a l is e d  in  a rom atic  la y e r  
p lan es . On h e a tin g  hom olytic f i s s io n  produces an a d d i t io n a l  source o f
un paired  e le c tro n s  and some o f th e se  a re  s t a b i l i s e d  by a d d it io n a l  o r by 
th e  enlargem ent o f  e x is t in g  arom atic  la y e r  p la n e s . When two la y e r  
p lanes c o n ta in in g  unpaired  e le c tro n s  jo in  then  th e re  i s  a p o s s ib i l i t y  
o f th e  e le c tro n s  ’p a ir in g * . T here fo re , as th e  arom atic  netw orks grow 
w ith  h e a t- tre a tm e n t a  s tag e  i s  reached  where more ’p a i r in g ’ o f .u n p a ire d  
e le c tro n s  occurs than  s t a b i l i s a t i o n  of new unpaired  e le c tro n s .  I t  i s  
th e n  th a t  th e  f r e e  r a d ic a l  c o n c e n tra tio n  s t a r t s  to  d ecrease . With slow 
h e a t- tre a tm e n ts  t h i s  stage  i s  com plicated  because th e  e l e c t r i c a l  r e s i s - . 
t i v i t y  o f th e  chars  decreases  (V/aters 1963) and T-j_ r e la x a t io n ,  sk in  
e f f e c t s  and f a l l  in  Q f a c to r  o f th e  c a v ity  cause ex p erim en ta l d i f f i c u l ­
t i e s .  The exam ination o f chars  p repared  from pure compounds and polymers 
by f la s h  h e a tin g  may be co n sid ered  w orthw hile in  th e  l i g h t  o f t h i s  work 
done on co a l ch ars .
An in te r e s t in g  f e a tu re  o f  th e  ESR o f c o a ls  and chars  i s  th e  e f f e c t  
t h a t  oxygen (o r  o th e r  param agnetic gases) surrounding  th e  sample has 
on th e  shape and in te n s i ty  o f  th e  s p e c tra . E a r l i e r  w orkers on co a ls  
A usten and Ingram (1958) and Smidt and van K revelen (1959) re p o r te d  
t h a t  ’oxygen e f f e c t s ’ only occurred  w ith  co a ls  o f carbon c o n ten t g r e a te r  
than  93$. However, a l l  th e  m a te r ia ls  examined in  t h i s  work showed 
’oxygen e f f e c t s ’ in c lu d in g  th e  81 . 3 , 84.9 and 89.5% carbon co n ten t c o a ls . 
I t  i s  though t th a t  th e  ’ oxygen e f f e c t ’ o p e ra tes  by a m ainly p h y s ic a l 
in te r a c t io n  between th e  u n p a ired  e le c tro n  and th e  param agnetic gas. The 
in te r a c t io n  allow s s p i n - l a t t i c e  r e la x a t io n  to  occur more r e a d i ly  and 
tim es le s s  than  10”^ s cause l in e  b roadening  and extrem e broadening  
cause e f f e c t iv e  lo s s  o f s ig n a l .
The e f f e c t iv e  su rfa ce  a re a  o f th e  sample a c c e s s ib le  to  th e  p a ra ­
m agnetic gas has p re v io u s ly  been found to  be im portan t ( e .g  Armstrong 
e t  a l  1964) and care  has been taken  in  t h i s  work to  rec o rd  th e  s iz e  of 
th e  c o a l p a r t i c l e s  and th e  experim ental c o n d itio n s  used  to  p rep a re  th e  
samples fo r  ESR exam ination . Line shape d if fe re n c e s  were o b se rv ed -fo r 
d i f f e r e n t  s iz e d  p a r t i c le s  o f a 83.6% carbon co n ten t coal-w hen examined 
in  a i r  (Appendix B) . The AHjl/  AHp-p r a t i o  was 1 .82  f o r  p a r t i c l e s  le s s  
than  10 ym and 1 .39 f o r  90 ym p a r t i c l e s .
A la rg e  ’ oxygen e f f e c t ’ was found f o r  th e  chars  p rep ared  by h e a t­
ing  a shallow  la y e r  o f -10 ym, 301b c o a l p a r t i c l e s  to  660°C in  180 s .
The very  la rg e  ESR s ig n a l  o f t h i s  ch ar examined in  s i t u , in  argon was 
e f f e c t iv e ly  d estro y ed  by extreme l in e  b roadening  when a i r  re p la c e d  th e  
argon. This in d ic a te d  th a t  most o f  th e  f r e e  r a d ic a ls  in  th e  c h a rs  were 
a c c e s s ib le  to  oxygen. I t  was e s tim a ted  th a t  a su rfa ce  a re a  o f 75 ni^/g
of th e  ch ar was covered , by oxygen m olecules ‘com bining1 w ith  f r e e  
r a d ic a ls .
I t  was found th a t  when co a l samples were sea led  in  an atm osphere 
o f a i r  th ey  slow ly o x id ise d , so removing th e  sm all q u a n tity  o f oxygen 
surrounding  th e  sam ples. The ESR s p e c tra  o f  th e se  sam ples'w ere th e  
same as th o se  ob ta ined  from evacuated  samples o f th e  same c o a ls . On 
exposing th e  sample to  a i r  th e  s ig n a l was re s to re d  to  i t s  o r ig in a l  
s iz e  and shape (Appendix A ). I t  i s  p o s s ib le  th a t  th e  ’oxygen e f f e c t 1 
cou ld  be used to .s tu d y  th e  slow o x id a tio n  o f c o a ls .
The p o s s ib i l i ty  o f a q u a n t i ta t iv e  r e l a t io n  b e tw een 'th e  ’ oxygen 
e f f e c t ’ and th e  u l t r a f i n e  pore s t ru c tu re  o f carbonaceous m a te r ia ls  i s  
tenuous a t  p re s e n t, m ainly because o f th e  la c k  o f a f u l l  und ers tan d in g  
o f th e  ’oxygen e f f e c t ’ . A q u a l i ta t iv e  r e l a t i o n  has been observed  in  
t h i s  v/ork and in  s e v e ra l p rev ious re p o r ts  (e .g .-A rm stro n g  1964). I t  
may be in te r e s t in g  to  study th e  r a te  o f s ig n a l  decay under known p a r t i a l  
p re s su re s  o f oxygen (and o th e r  param agnetic gases) a t  d i f f e r e n t  tem pera­
tu r e s .  High speed o sc il lo sc o p e  photography could  be used to  re c o rd  
ra p id  changes o f  s ig n a l .  This work may show a r e l a t io n  between th e  
’oxygen e f f e c t ’ , pore s iz e  and th e  r a te  o f d if fu s io n  o f  param agnetic  
gases in to  carbonaceous s o lid s .
PART II
THE PRODUCTION OP 
ACETYLENE FROM COAL PRODUCTS BY SUBMERGED ARC PROCESSES
1. INTRODUCTION
"The UK co a l in d u s try  i s  v a s t  from a l l  s tan d p o in ts : 
tonnage, tu rn o v e r , c a p i t a l  investm en t and lab o u r fo rc e . But 
w hile in  th e  p a s t decade co a l has dom inated th e  energy scene, . 
i t  i s  now f ig h t in g  to  m ain ta in  m arkets a g a in s t  in c re a s in g  
com petition  from o i l ,  n a tu ra l  gas and n u c le a r  energy . The 
' co a l in d u s try ’s need f o r  o b je c t iv e  re se a rc h  i s  g re a te r  than  
ever be fo re  , . . "
(Blackm an■1968)
The above q u o ta tio n  in tro d u ced  a re c e n t a r t i c l e  by th e  D ire c to r -  
G eneral o f th e  BCURA in  which th e  A sso c ia tio n ’ s programme,' ’Chemicals 
from C oal’ in c lu d in g  th e  submerged a rc  experim ents, were d iscu ssed .
1 .1  So lven t E x tra c tio n
The BCURA a re  in v e s t ig a t in g  p o s s ib le  new uses f o r  c o a l. S o lv en t 
e x tra c t io n ,  d iscu ssed  in  th e  in tro d u c to ry  c h ap te r on c o a l, i s  a  p o ten ­
t i a l  p re c u rso r f o r  a wide range o f p ro d u c ts .
B efore 19&6 the  BCURA in v e s t ig a te d  on a la b o ra to ry  sc a le :
(a) Producing a s o l id  smokeless f u e l  by e x tra c t in g  10 to  • 
15% w/ w o f th e  co a l su b stan ce .
(b) The use o f e x t r a c ts ,  f o r  p i tc h  b in d e rs  in  e le c tro d e  
carbons and f o r  m anufacturing  g ra p h ite s .
(c) The hydrogenation  o f e x t r a c ts .
This work has been summarised by Bond and Dryden (1967) .
In  re c e n t y e a rs , th e  USA, because o f i t s  enormous f u e l  r e q u ir e ­
ments has been concerned about i t s  d im in ish in g  indigenous re se rv e s  o f 
crude petro leum . The USA. has abundant su p p lie s  o f cheap c o a l and a
t
la rg e ,  p r o f i ta b le  g a so lin e  m arket. T h e re fo re , e x ten s iv e  re se a rc h  p ro ­
grammes were undertaken  on th e  so lv en t e x tra c tio n  o f c o a l. R ecent 
chem ical en g in ee rin g  advances in ,  f o r  example, pumping and f i l t e r i n g  
v isco u s l iq u id s  have enabled  th e  USA to  improve on th e  German p ro cesses  
developed during  World War I I .  Three la rg e  p i lo t  p la n ts  a re  in  op era ­
t io n  in  th e  USA; th e  Spencer P ro ce ss , P ro je c t  G asoline and H -coal.
Though th e se  p ro cesses  vary  in  d e t a i l ,  b a s ic a l ly  p u lv e r is e d  c o a l 
and o i l  a re  d ig e s te d , w ith  o r w ithou t hydrogen and c a ta ly s t s ,  a t  a 
tem peratu re  of about A00°C under p re s su re . The p roducts o f d ig e s t io n
a re  e x t r a c t ,  o i l ,  gas, and a re s id u e  o f u n d ig ested  c o a l and m inera l m a tte r
f
th ey  a re  sep a ra ted  and p ro cessed  ind ep en d en tly . The e x t r a c t ,  o i l  and gas 
a re  p rocessed  in  much th e  same way as petro leum  p ro d u c ts . The proposed 
prim ary p ro d u c ts , g aso lin e  and f u e l  o i l s  could  be r e a d i ly  m arketed because 
petroleum  companies c o n tro l  p a r t  o f th e  USA co a l in d u s try . The carbon­
aceous m a te r ia l  in  th e  re s id u e  can be used  as a  f u e l  and th e  m in e ra l . 
m a tte r  as a road  agg regate  o r cement f i l l e r ,  e tc .
S tim u la ted  by th e  work in  th e  USA and th e  need f o r  new uses fo r  
co a l in  th e  UK, i n t e r e s t  in  so lv en t e x tra c t io n  was renewed in  th e  BCURA 
during  1966. The economic c ircum stances p e r ta in in g  to  so lv en t e x tra c ­
t io n  a re  d i f f e r e n t  in  th e  UK from th o se  in  th e  USA. Here c o a l be ing  le s s  
e a s i ly  won, i s  more expensive to  produce and th e  ta x  f r e e  p r ic e  o f gaso­
l in e  i s  low er. T h e re fo re , in  th e  UK th e  econom ically  more fav o u rab le  
p ro ducts  a re  l ik e ly  to  be chem icals and carbons.
The p re se n t so lv en t e x tra c t io n  in v e s t ig a t io n s  aim a t  a h ig h  e x tra c ­
t io n  (85-90# w/w) u s in g  methods s im ila r  to  th o se  used in  th e  USA. The 
BCURA are  c o lla b o ra t in g  w ith  th e  NCB in  th e se  in v e s t ig a t io n s .  The mar­
k e tin g  d iv is io n  o f th e  NCB a re  ad v is in g  on th e  numerous p o s s ib le  p ro d u c ts . 
The f e a s i b i l i t y  o f p roducts i s  o f te n  u l t im a te ly  governed by economic 
r a th e r  th an  s c i e n t i f i c  c o n s id e ra tio n s  and much depends on p ro cess in g  
c o s ts .  P i tc h  and Bitumen type m a te r ia ls  need l i t t l e  p ro cess in g  b u t 
f u r th e r  tre a tm en t would be re q u ire d  to  p repare  p ro ducts  such as carbons, 
g ra p h ite s  and p i tc h  p l a s t i c s .
In  co n ju n c tio n  w ith  th e  so lv en t e x tra c t io n  programme th e  p ro d u c tio n  
o f  a ce ty le n e  from l iq u id  c o a l p roducts by a submerged a rc  p ro cess  was 
in v e s t ig a te d . A cety lene in . 40/S y ie ld  had p re v io u s ly  been produced d i r e c t ­
ly  from c o a l by using  a hydrogen/argon plasma j e t  (Bond e t  a l  1963 and 
1966) b u t th e  p rocess proved to  be uneconomic.
1 .2  Submerged Arcs
The most fav o u rab le  c o n d itio n  f o r  p re p a rin g  ace ty len e  from hydro­
carbon feed sto ck s  i s  a h igh  re a c t io n  tem pera tu re  fo llow ed  by ra p id  quench­
in g . A submerged a rc  p rocess p rov ides th e se , co n d itio n s  by s t r ik in g  a rc s  
w ith in  th e  l iq u id  hydrocarbon fee d s to c k  so th a t  th e  h o t p ro d u c ts  o f crack-, 
in g  a re  im m ediately quenched by th e  bu lk  o f th e  l iq u id .  An account o f 
submerged arc  p ro cesses  i s  given by M ille r  (1963) .
T a ta rin o v  dev ised  th e  f i r s t  submerged a rc  p ro cess  f o r  th e  p ro d u c tio n  
o f an ace ty len e  r ic h  gas, in  L eningrad , in  1932. He used  coke c o n ta c to rs  
co n ta in ed  in  a  r o ta t in g  c y lin d e r  shaped c o n s tru c tio n  made of carbon ro d  
e le c tro d e s  submerged in  a hydrocarbon fe e d s to c k  (T a ta rin o v  1934a). L a te r ,
T ata rin o v  moved to  Germany and changed h is  name to  von E d ig e r. He 
developed h is  p ro cess  and p re se n te d  much f u l l e r  d e s c r ip t io n s  o f h is  work 
in  p a te n ts  (E d iger 1953 and 1955).
B r ie f ly ,  E d iger claim ed to  have in v en ted  a p ro cess  f o r  co n v ertin g  
l iq u id  hydrocarbon feed sto ck s  in to  a c e ty le n e , e th y len e  and carbon b la c k  
by means o f e le c tro -c ra c k in g . The ap p ara tu s  c o n s is te d  o f f ix e d  e le c tro d e s  
(carbon was recommended) in  b a r  form p o s itio n e d  h o r iz o n ta l ly  and p a r a l l e l  
to  one an o th e r in  a c o n ta in e r . The c o n ta in e r  was f i l l e d  w ith  th e  l iq u id  
hydrocarbon feed sto ck  to g e th e r  w ith s u f f ic ie n t  carbon c o n ta c to rs  (ap p ro x i­
m ately 1 cm diam eter) to  form a s in g le  la y e r  over th e  f ix e d  e le c tro d e s . A 
source o f a .c .  power (d .c .  cou ld  a lso  be used) was connected  to  th e  f ix e d  
' e le c tro d e s  so. th a t  a d jac e n t e le c tro d e s  were a t  d i f f e r e n t  p o te n t ia l s .  A .c. 
power, a t  50 Hz, a t  v o ltag es  between th e  va lues o f  0 .3  and 6 kV appeared to  
be favoured . E l e c t r i c a l  d isch a rg es  (a rc s )  occurred  as th e  carbon co n tac ­
to r s  caused s h o r t - c i r c u i t s  between th e  e le c tro d e s . These a rc s  cracked  
th e  hydrocarbon fee d s to c k  in to  gaseous u n sa tu ra te d  hydrocarbons and carbon 
b la ck . The gas th a t  formed re p e lle d  th e  carbon c o n ta c to rs  and e x tin g u ish ed  
th e  a rc s .  The c o n s ta n t movement of th e  carbon c o n ta c to rs  caused a rc s  to  
be co n tin u o u sly  s tru c k  and ex tin g u ish ed . The tem peratu re  o f th e  a rc s  was 
thought to  reach  2500° to  3000°C b u t th e  gen era ted  h ea t was d isp e rse d  over 
th e  whole l iq u id .  The fe e d s to c k  was c i r c u la te d  so th a t  th e  carbon b la ck  
cou ld  be f i l t e r e d  and th e  c i r c u la t in g  r a te  was used to  keep th e  o v e ra l l  
tem pera tu re  between 20° and 80°C. The gas le av in g  th e  top  o f th e  c o n ta in e r  
was a t  a tem pera tu re  o f about 35°C. The f ix e d  e le c tro d e s  were so spaced 
th a t  worn c o n ta c to rs  f e l l  th rough out of th e  re a c t io n  zone. F resh  co n tac ­
to r s  were added th rough  th e  top  o f th e  r e a c to r .
E d iger claim ed th a t  i t  was p o s s ib le , u s in g  h is  p ro c e ss , to  produce 
gases co n ta in in g  50# v/ v  o r more a ce ty le n e  and to  produce good q u a l i ty  
carbon b la ck  e q u iv a len t to  24$ w/w  of th e  raw m a te r ia l  consumed.
E d iger dem onstrated  h is  p rocess in  England in  1950-1 (M ille r  1965).. 
Kerosene or gas o i l  was used as th e  fe ed sto ck  and th e  power supply  was 
1 kV a .c .  The gas formed co n ta in ed  approx im ately  575# v/ v  hydrogen, 4% 
methane, 6$ e th y le n e , 1fo e th an e , and 32^ o a c e ty le n e s ; b u t th ey  in c lu d ed  
some 2p each o f d ia c e ty le n e , butynes and hexynes, hence only  about 26$  
was a c e ty le n e . The power consumption was 12 kWh/kg of t o t a l  a c e ty le n e s , 
b u t 18 kWh/kg o f a ce ty le n e . The w eight y ie ld  was 45$ f o r  t o t a l  a c e ty ­
le n es  and 33$ f o r  a c e ty le n e . The carbon b la ck  was e n tra in e d  in  th e  o i l  
and cou ld  no t be e f f i c i e n t l y  f i l t e r e d  because o f i t s  f in e n e s s .
Andrussow (1958) put forw ard p lan s  f o r  a p ro d u c tio n  p la n t  in  a
f e a s i b i l i t y  s tudy  o f th e  E d ig er P ro cess . He p re d ic te d  y ie ld s  o f 2h$> w/w  
carbon b la ck  and ~]6fa o f a gas co n ta in in g  about 'j>Ofo v/ v  a ce ty le n e  and about 
ICffo o le f in e s  from a m inera l o i l  fe e d s to c k . The power consumption was 
c a lc u la te d  to  be 6 .1  to  6 .4  kY/h p e r kg o f a ce ty le n e . C onsidering  th e  
p r a c t i c a l  r e s u l ts ' o f E d ig er, Andrussow’ s p re d ic tio n s  appeared  o p tim is t ic .
B r i t i s h  Thomson Houston ( l9 4 l)  developed a s im ila r  p ro c e ss . A 
c e n t r a l  e le c tro d e  was p laced  in  a loose  column o f e l e c t r i c a l l y  conduct­
in g  g ran u le s . A second e le c tro d e  was made up o f a number o f s e c tio n s  
around th e  base o f th e  c o n ta in e r . The two e le c tro d e s  were s e p a ra te d  by 
about an inch  and power up to  a  1 kV a .c .  was used. With hydrocarbon 
fe e d s to c k , hydrogen and a ce ty le n e  in  th e  approxim ate r a t i o  3 : 2  were 
claim ed.
K roepelin  e t  a l  (1957 and 1958) made a thorough s c i e n t i f i c  i n v e s t i ­
g a tio n  of. th e  E d iger p ro cess . The w orkers found th a t  reduc ing  th e  p re s ­
su re  o f th e  p rocess  gas (gaseous p roducts) in c re a se d  th e  ace ty le n e  con­
c e n tr a t io n  and reduced th e  carbon b lack  fo rm atio n . The a rc s  w ere: examined 
under a .c .  o p e ra tio n  and were found to  be m ain ta ined  fo r  up to  10 ms. 
Em ission s p e c tra  from th e  C2 e n t i ty  were used  to  e s tim a te  a  tem p era tu re  
in  th e  a rc  ax is  o f 10,000°K and o f 6,000°K in  th e  zone o f maximum C2
■ *
c o n c e n tra tio n . ~ .
A p i l o t  p la n t was c o n s tru c te d  a t  Huls (Schmidt e t  a l  1963) based  on 
th e  d esign  o f a la b o ra to ry  ap p ara tu s  (Chemische-Werke Hills 1958) p re v io u s ly  
o p e ra ted . A re a c to r  of 50 l i t r e s  c a p a c ity  was f i t t e d  w ith  6 v e r t i c a l  
e le c tro d e s  supported  from th e  top  o f th e  r e a c to r  in  th e  form o f a c i r c l e .  
Mobile g ra p h ite  c o n ta c to rs  ( ^ 5  mm diam eter) were ’f lu id ise d *  by c i r c u la ­
t in g  th e  fe ed sto ck  between th e  e le c tro d e s  so th a t  a la rg e  volume o f th e  
r e a c to r  was u t i l i s e d .  The power was su p p lied  v ia  a tra n s fo rm e r w ith  two 
se p a ra te  th re e -p h a se  systems on th e  secondary s id e . The o p e ra tin g  v o l­
tag e  was between 1 and 2 kV and th e  c u rre n t p e r e le c tro d e  was about 100 A. 
The o p e ra tin g  power cou ld  be c o n tro l le d  by th e  number and s iz e  o f  th e  
g ra p h ite  c o n ta c to rs , th e  a d d itio n  o f non-conducting  q u a rtz  g ra n u le s , and 
by th e  o i l  c i r c u la t io n  r a te .  Normal o p e ra tin g  power was in  th e  re g io n  
of 500 kW bu t i t  cou ld  r i s e  to  peak values o f 1 ,000 kvV.
Eor economic reasons th e  g ra p h ite  c o n ta c to rs  were re p la c e d  by coke, 
even though th e  coke, be ing  more a b ra s iv e , caused more wear. I t  was 
e s tim a te d  th a t  95fo o f th e  carbon b la ck  formed rem ained in  th e  o i l .  The 
abraded coke p a r t i c l e s  and carbon b la c k  cou ld  be se p a ra te d  from th e  
fe e d s to c k  as a sludge co n ta in in g  an equal weight o f o i l .  This sludge 
cou ld  be used as a f u e l ,  to  produce p a r t  o f  th e  's team  e q u iv a le n t1
n ecessa ry  to  gen era te  th e  e l e c t r i c a l  power f o r  th e  p ro c e ss . The r e s u l t s  
ob ta in ed  f o r  th e  HUls p rocess  a re  summarised in  Table IX.
TABLE IX
MATERIAL BALANCE FOR HULS PROCESS
Charge
Crude o i l  . . . . . . . .
H ard-coal coke . .
• 0 
0 0
(kg)
(kg)
275
54
Products
c2h2 + c2h4  .. . .  .. .. 0 0 (kg) 100.0
H igher a ce ty le n es  . .  . .  . . 0 0 (kg) 18.5
H igher o le f in s  . . .. .. .. . 0 0 (kg) 11.5 •
H2 •• * • •• •• . • .. 0 0 (kg) 8 .7
' P a ra f f in s  .. . . . .  . . (kg) 16.3
o i l s ........................ 0 0 (kg) 75)
Waste o i l  soo t . . 0 0 (kg) 21) 150
coke a b ra s io n  . . 0 0 (kg) 54)
305.0
M a te r ia l o u tp u t, t o t a l  . .  . . 0 0 92.7
Energy consumption . .  .. 0 0 (kWh) 1060.0
o f which can be g en era ted
by b u r n i n g ^ ........................  . . ' »  0 (%) 5 6 .6
^C oncen tra tion  o f s o l id s  200 g / l
The H tlls"workers a lso  found improvements in  th e  gas y ie ld s  and energy 
consumption when o p e ra tin g  under a reduced p ro cess  gas p re s su re .
There have been s e v e ra l  o th e r  p a te n te d  v a r ia t io n s  o f th e  b a s ic  
E d iger P ro cess . ' Lonza (1955) used submerged r o ta t in g  r o l l e r  e le c tro d e s  
sep a ra te d  by 3 to  6 mm. L a te r  Lonza (1957 and 1959) recommended th a t  
th e  r o l l e r s  were sep a ra te d  by a s lo t te d  h o r iz o n ta l  in s u la to r  p la te  on 
which coke granu le  c o n ta c to rs  were p la c e d . ' The Pure O il Co. (1957 and 
1959) used a w ater j e t  e je c to r  to  remove th e  p ro cess  gas and reduce th e  
p re s su re  above th e  feed sto ck . The c o n s tru c tio n  o f th e  h o r iz o n ta l  f ix e d  
e le c tro d e  system o f th e  E d iger d esign  was improved by th e  use o f  modern
in s u la t in g  m a te r ia ls ,  such as f lu o r o - r e s in s .  Zimmer ( 1963) ,  even though 
th e  advantages o f o p e ra tin g  a t  reduced  p re ssu re  had been dem onstrated , 
advocated o p e ra tin g  a t  a p re s su re  o f 2 to  3 atm and u sin g  p a r t  o f th e  
p rocess gas to  a g i ta te  the  mobile c o n ta c to rs  in  a v e r t i c a l  e le c tro d e  
system .
 ^ F eedstocks o th e r  th an  petro leum  based  o i l s  have a lso  been used. 
T a ta rin o v  ( 1934b) in  some o f h is  f i r s t  experim ents used w ater w ith  carbon 
or coke c o n ta c to rs  and claim ed th a t  a gas c o n ta in in g  8 to  9?° a c e ty le n e  
cou ld  be produced.
A Swiss p a te n t (S u lze r  B ro th ers  L td . 1937) proposed u sin g  e l e c t r i ­
c a l  d isch a rg es  th rough  a  heavy o i l  to  which were added an aqueous su s­
pension  o f calcium  hydroxide and up to  3% conducting  p a r t i c l e s .
Petroleum  -  w ater em ulsions have been used by R ussian  w orkers 
(Semenov e t  a l  19&3). M icro -d ischarges th rough petroleum  em ulsions 
c o n ta in in g  17 and 30$ w ater produced gases co n ta in in g  27 and 20.8;$ 
a ce ty le n e  re s p e c tiv e ly . I t  i s  claim ed th a t  t h e i r  method was approxim ately  
30/o more economic than  therm al c rack ing  o f p e tro leu m .vapour a lo n e . R ussian  
w orkers (see  M ille r  19&3) have a lso  s tu d ie d  th e  c rack ing  o f m ethanol, 
e th a n o l, benzene, e th y len e  d ic h lo r id e  and carbon te t r a c h lo r id e  by a sub­
merged a rc  p ro cess .
To summarise, w ith  petroleum  based  feed sto ck s  a submerged a rc  p ro ­
cess can produce a gas c o n ta in in g  about 30[$ v/ v  ace ty len e  and up to  ,1Q$
t
e th y len e  w ith  hydrogen making up most of th e  r e s t  of th e  p ro cess  gas.
The h igh  c o n ce n tra tio n  o f a ce ty le n e , s im p lif ie s  th e  s e p a ra tio n  and p u r i ­
f i c a t i o n  o f th e  p ro cess  gas. However, th e  r e l a t i v e ly  h igh  p ro p o r tio n  o f 
a ce ty le n e  homologues maybe d isadvan tageous. The s o l id  'c ra c k e d 1 hydro­
carbon, o p t im is t ic a l ly  r e f e r r e d  to  as 'ca rb o n  b lack ', i s  produced m ainly 
in  c o l lo id a l  form and cannot e a s i ly  be se p a ra te d  from th e  fe e d s to c k  or 
th e  m a te r ia l  formed from th e  a b ra s io n  o f th e  mobile c o n ta c to rs . The 
energy consumption o f a submerged a rc  p ro cess  can be in  th e  o rd e r  o f 
10 kWh/kg o f a c e ty le n e . This i s  about th e  same as th e  C arbide P ro c e ss , 
bu t a t  p re se n t no commercial submerged a rc  p la n ts  a re  in  o p e ra tio n .
A lthough a v a r ie ty  o f petroleum  based  p roducts have been p ro cessed , 
l i t t l e  work has been re p o rte d  on .arom atic  fe e d s to c k s , and no r e s u l t s  were 
found in  th e  l i t e r a t u r e  fo r  co a l based  fe e d s to c k s .
1.3 O b jec tiv e  and Scope
The o b je c tiv e  o f th i s  s e c tio n  o f  th e  work was to  in v e s t ig a te  th e  
p o t e n t i a l i t i e s  o f a submerged a rc  p ro cess  f o r  making u n s a tu ra te d  hydro­
carbons from co a l-b ased  hydrocarbon fe e d s to c k s .
A s h o rt term  programme was envisaged th a t  would p rov ide th e  in f o r ­
m ation re q u ire d  to  a sse ss  th e  p o s s i b i l i t i e s  o f u s in g  co a l s o lu tio n s  as 
a  fe ed sto ck  in  a submerged a rc  p ro cess . The scope o f th e  work p rec luded  
th e  design  and c o n s tru c tio n  o f e la b o ra te  ap p ara tu s  and i t  was in ten d ed  
to  u t i l i s e  a v a ila b le  la b o ra to ry  equipm ent. The main aims were t o : -
( i )  P rocess co a l s o lu tio n s .
( i i )  E stim ate  th e  e l e c t r i c a l  energy consum ption
in  term s o f  a c e ty le n e  p ro d u c tio n .
( i i i )  E stim ate  th e  y ie ld  o f a ce ty le n e .
2. • MATERIALS
The an a ly ses  o f th e  fe e d s to c k s  and th e  m a te r ia ls  used to  p rep are  
them a re  shown in  Table X. The c o a l p roducts  p ro cessed  were U nited Coke 
and Chemicals (UCC) A nthracene o i l  and 'Rexco' p i tc h ,  bo th  c o a l p y ro ly s is  
p ro d u c ts  (see  page 20) and 'c o a l  s o lu t io n s ' p repared  from CRC 902 co a l 
and an th racene  o i l  ( e i th e r  UCC or C a e rp h il ly ) . Two le s s  heterogeneous 
fe e d s to c k s  were a lso  p ro cessed , phenanthrene (C^H^q) an arom atic  com­
pound w ith  a  carbon/hydrogen r a t i o  s im ila r  to  th a t  o f c o a l and co a l 
e x t r a c t s ,  and f o r  com parison, l iq u id  p a ra f f in .  In  a d d itio n  'C a s t r o l i t e '  
motor o i l  was used as a fe ed s to ck  in  th e  p re lim in a ry  experim en ts.
D e ta ils  o f th e  ap p ara tu s  used to  p rep are  th e  c o a l e x t r a c ts  were 
given in  a  BCURA Annual R eport (l9&7) , a lso  see Blackman ( 1968) .  E x tra c ­
t io n  was c a r r ie d  out in  a 2 l i t r e  au to c lav e  th a t  cou ld  be o p e ra ted  a t  
p re s su re s  up to  170 b a r  and tem p era tu res  up to  480°C. A p ro cess  diagram 
i s  shown in  F ig . 23. One p a r t  p u lv e r is e d  co a l (90^ le s s  th a n  75 y*11) and
th re e  p a r ts  an th racen e  o i l  were d ig e s te d  in  th e  au to c lav e  f o r  3 h o u rs , a t  
a  p re s su re  o f 70 b a r  and a tem pera tu re  o f 400°C. The d ig e s t  was f i l t e r e d  
to  remove th e  m inera l m atte r and th e  in s o lu b le  c o a l, le a v in g  a 'c o a l  
s o lu t io n '.  Most o f th e  so lv en t o i l  was recovered  by d i s t i l l a t i o n ,  le a v ­
ing  'c o a l  e x t r a c t ' .  These e x tr a c ts  were s o l id s  composed o f app rox im ate ly  
5Q?q so lu b le  co a l m a te r ia l and $0fo an th racene  o i l  and had softening* p o in ts  
o f about 250°C. A range o f  'c o a l  s o lu t io n s ' were o b ta in ed  by d is so lv in g  
th e  c o a l e x tr a c t  in  h o t an thracene  o i l .
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Fig.2 3 . P ro cess
3. PRELIMINARY EXPERIMENTS
f
I t  was decided  to  ga in  experience  on submerged a rc s  as q u ick ly  as 
p o s s ib le  u s in g  a v a ila b le  m a te r ia ls  and equipm ent.
3 .1  S in g le  Continuous d .c .  Arc
The f i r s t  experim ent was made u sin g  a 300 amp d .c .  w elding gener­
a to r  to  supply th e  power. Two 20 mm d iam eter g ra p h ite  e le c tro d e s , 
submerged in  an th racene  o i l  co n ta in ed  in  an ev ap o ra tin g  d is h , were 
g ra d u a lly  sep a ra ted  by hand. A continuous a rc  was formed and gas 
evolved  v ig o ro u s ly  from th e  o i l .
I n  o rd e r to  c o l le c t  th e  gas and have b e t t e r  c o n tro l  o f th e  e le c ­
tro d e s , th e  ap p ara tu s  shown in  F ig . 24 was c o n s tru c te d . The 100 mm 
d iam eter r e a c t io n  v e s s e l  was made o f s t e e l  and th e  e le c tro d e s  were 
f i t t e d  h o r iz o n ta l ly  through two s i l ic o n e  ru b b e r bungs. The p ro cess  
gas was c o l le c te d  in  sample b o t t l e s  and an a ly sed  by gas chrom atography. 
L a te r , th e  volume o f th e  gas produced and th e  power in p u t ,  were m easured.
The fe e d s to c k  used was UCC an th racen e  o i l ,  b u t f o r  com parison one 
run was made u s in g  ’C a s t r o l i t e 1 motor o i l .  Table XT shows th e  an a ly ses  
o f th e  gases produced to g e th e r  w ith  th e  reco rd ed  o p e ra tin g  v a r ia b le s .  
Under th e  b e s t  o p e ra tin g  c o n d itio n s , a gas c o n ta in in g  ju s t  under ICP/o v/ v  
a c e ty le n e , b u t le s s  than  3$ e th y le n e , was o b ta ined  from th e  a ro m a tic -  
based  an th racene  o i l .  A gas r ic h e r  in  a ce ty le n e  and c o n ta in in g  n e a r ly  
1Ofo e th y len e  was ob ta in ed  from th e  p a ra f f in -b a s e d  C a s t r o l i t e .  C onsider­
ab ly  more carbon monoxide was produced from th e  an th racen e  o i l  th an  from 
th e  C a s t r o l i te .  The r e s u l t s  in d ic a te  th a t  h igh  c o n c e n tra tio n s  o f  e th y ­
le n e , in  th e  p ro cess  gas, can only be expected  from p a r a f f in  fe e d s to c k s
and th a t  th e  oxygen co n ten t o f the  fe e d s to c k  r e s u l t s  in  th e  fo rm ation  o f 
carbon monoxide.
A co n sid e rab le  amount o f s o l id  carbonaceous m a te r ia l  ( r e f e r r e d  to  
as cracked  carbon f o r  convenience) was produced from th e  c rack in g  o f 
th e  an th racene  o i l  fe e d s to c k . Most o f th e  cracked  carbon was f in e ly  
d isp e rse d  in  th e  fe e d s to c k  and a ttem p ts  to  remove i t  by f i l t r a t i o n  were 
u n su cc e ss fu l. Some o f th e  cracked  carbon was c a r r ie d  over in  th e  gas 
stream  and was r e ta in e d  in  tra p s  and on f i l t e r s ,  bu t was con tam inated  
w ith  feed sto ck .
An a ttem p t was made to  e s tim a te  th e  energy consum ption. A 0-100
amp d .c . ammeter was f i t t e d  in  s e r ie s  w ith th e  g e n e ra to r  le a d s ,  b u t as
th e  c u rre n t tended  to  f lu c tu a te  th e  c u rre n t was measured i n d i r e c t ly  by 
reco rd in g  th e  v o ltag e  drop over a  le n g th  o f  one o f th e  e le c tro d e s .  The 
p o te n t ia l  d if f e re n c e  between th e  e le c tro d e s  was measured d i r e c t l y .  The
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energy consumption was e s tim a ted  to  be about 250 kWh/kg o f ace ty len e  
produced. The continuous d .c .  a rc  was th u s  very  i n e f f i c i e n t .  A lso, 
o p e ra tin g  th e  a rc  f o r  more th an  a few m inutes was d i f f i c u l t  because 
c racked  carbon from th e  fe e d s to c k  b u i l t - u p  on th e  e le c tro d e s  and th ey  
had to  be c o n s ta n tly  m anipulated  to  m ain ta in  th e  a rc . E xcessive  h e a t­
in g  o f th e  e le c tro d e s  was avoided by re p la c in g  a l l  b u t th e  25 mm t ip s  
o f th e  e le c tro d e s  w ith  b ra ss  to  reduce th e  r e s i s t i v i t y  o f th e  e le c ­
tro d e s . N ev erth e less  much of th e  in p u t energy was used  in  h e a tin g  
th e  t o t a l  mass o f  th e  fe e d s to c k  and th e  r e a c t io n  v e s s e l .
The low ace ty len e  c o n c e n tra tio n  was thought to  be a t t r ib u ta b le  
to  th e  continuous h igh  lo c a l  c o n ce n tra tio n s  o f e l e c t r i c a l  power, in  
th e  a rc ,  and th e  r e l a t i v e ly  la rg e  volume o f gas evolved in  la rg e  bub­
b le s  r e s u l te d  in  poor quenching.
Sm all improvements were made in  l a t e r  runs by reduc ing  th e  power, 
b u t i t  was n o t co n sid e red  w orthw hile to  p e r s i s t  w ith  th e  con tinuous 
a rc  system .
3 -2  I n te r m i t te n t  Submerged Arc
P rev ious submerged a rc  workers o b ta in ed  p ro cess  gases much r ic h e r  
in  ace ty len e  u sin g  in te r m it te n t  a rc  systems (see  s e c tio n  1 .2 ) compared 
w ith  those  o b ta ined  using  th e  continuous d .c .  a rc  system . T h e re fo re , 
a sm all in te r m i t te n t  submerged a rc  ap p ara tu s  was c o n s tru c te d  as shown 
in  F ig . 25. The f ix e d  h o r iz o n ta l  p la te  c o n s is te d  o f g ra p h ite  e le c tro d e s  
se p a ra te d  by a p ax o lin  in s u la to r  upon which a t  l e a s t  a  s in g le  la y e r  of 
12 mm g ra p h ite  o r coke g ran u les  were p laced . The h o r iz o n ta l  p la te  
f i t t e d  in to  a  600 ml g la ss  b eak er th a t  r e ta in e d  th e  g ran u les  and th e  
fe e d s to c k .
The power was su p p lied  from th e  50 Hz mains v ia  and 8 amp ’Variac* 
tra n s fo rm e r. I n i t i a l l y ,  a rh e o s ta t  was p laced  in  s e r i e s ,  to  l im i t  th e  
c u rre n t in  th e  even t o f a  permanent sh o r t c i r c u i t .  T his arrangem ent 
was u n s a t i s f a c to ry  as th e  power was d is s ip a te d  by th e  r h e o s ta t  and no 
a rc s  were gen era ted . T h e re fo re , th e  rh e o s ta t  was re p la c e d  w ith  th e  
100 pF  c a p a c ito r  shown in  F ig . 25; t h i s  l im ite d  th e  c u r re n t  to  8 amps. 
To o p e ra te  th e  ap p a ra tu s , th e  v o ltag e  was in c re a se d  to  between 200 and 
240 v o l t s ,  by means o f th e  ’V a ria c 1 tra n s fo rm e r. The ap p ara tu s  in v a r ­
ia b ly  rem ained s h o r t - c i r c u i te d  u n t i l  a g e n tle  shake o f th e  „g la s s  v e s s e l  
i n i t i a t e d  th e  a rc in g , which, w ith  th e  optimum number o f c o n ta c to rs ,  
would con tinue  unaided  f o r  30 m inutes or more.
The a rc s  occu rred  randomly over th e  h o r iz o n ta l  f ix e d  e le c tro d e  
p la te  and were o f s h o r t d u ra tio n . The gas was evolved  in  sm all bubb les
from th e  fe e d s to c k . In  o rder to  c o l le c t  th e  gas, th e  app ara tu s  was 
f i t t e d  in to  a  100 mm d iam eter m etal v e s s e l  s im ila r  to  th a t  shown in  
F ig . 24. The feed sto ck s  used were C a s t r o l i te  and UCC an th racen e  o i l .
The an a ly ses  o f th e  gases produced and th e  o p e ra tin g  c o n d itio n s  a re  
shown in  Table X II.
The gases produced from th e  C a s t r o l i te  feed s to ck  were s im ila r  
in  com position to  th o se  re p o rte d  by p rev ious w orkers ( s e c t io n  1 .2) 
u s in g  fe e d s to c k s  d e riv ed  from crude o i l s .  When an th racene  o i l  was 
used as fe e d s to c k , a  gas c o n ta in in g  an e q u a lly  h igh  ace ty le n e  concen­
t r a t i o n  ( - 30fo) was o b ta in ed ; th e  e th y len e  and methane c o n c e n tra tio n s  
were low er and th e  carbon monoxide and hydrogen c o n c e n tra tio n s  were 
h ig h e r.
The o p e ra tin g  co n d itio n s  appeared to  make l i t t l e  d if f e r e n c e  to  
th e  g en era l com position o f th e  p rocess gas, b u t a f fe c te d  th e  r a t e  o f 
gas p ro d u c tio n . For runs 13 and 14, 12 mm coke g ra n u le s , and f o r  runs 
15 and 16 , 12 ram d iam eter g ra p h ite  spheres were used. For run  17, a 
m ixture o f th e  two was used . The g ra p h ite  c o n ta c to rs  appeared  to  
produce more in te n se  a rc s  and more gas was gen era ted  th an  when u s in g  
coke c o n ta c to rs . Less carbon monoxide was produced on run  15, com­
pared  w ith  th e  p rev ious two runs u sin g  C a s t r o l i te  as fe e d s to c k . T his 
cou ld  be due to  th e  g re a te r  so rp tio n  of w ater and oxygen on coke, th an  
on g ra p h ite . S im ila r ly , th e  carbon monoxide c o n c e n tra tio n  was h ig h e r ,  
in  run 17 when coke g ranu les  were added, in  c o n tr a s t  to  run  16 when 
only  g ra p h ite  c o n ta c to rs  were used.
Run 15 was p rem atu re ly  te rm in a ted  by a permanent in te r n a l  s h o r t -  
c i r c u i t .  On exam ination o f  th e  f ix e d  e le c tro d e  assem bly, i t  was found 
th a t  an accum ulation o f  carbon had formed an e l e c t r i c a l l y  conducting  
'b r id g e 1 under th e  c e n t r a l  p ax o lin  in s u la to r .
The 'R ecorded ' c u r re n ts  shown in  Table X II can be , a t  b e s t ,  an 
approxim ate guide as to  th e  average c u r r e n t ,  s in ce  th e  d u ra tio n  o f  an 
in d iv id u a l  a rc  i s  l e s s  than  10 ms. That i s ,  l e s s  than  h a l f  a  cy c le  
o f th e  50 Hz a .c .  power supply .
3*3 C onclusions from P re lim in a ry  Experim ents
The gases o b ta in ed  from th e  a l ip h a t ic - b a s e d  fe e d s to c k  ( C a s t r o l i t e ) , 
u s in g  t h i s  sim ple in te r m i t te n t  a rc  a p p a ra tu s , were o f  s im i la r  composi­
t io n  to  th o se  o b ta ined  by p rev ious workers u sing  more e la b o ra te  eq u ip ­
ment. A s im ila r  c o n c e n tra tio n  o f a c e ty le n e  was o b ta in ed  in  th e  p ro c e ss  
gas, when using  an arom atic  co a l-b ased  fe e d s to c k  (an th racen e  o i l )  b u t 
th e  c o n c e n tra tio n  o f e th y len e  was much low er. The low er a c e ty le n e
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c o n c e n tra tio n s  o b ta in ed  in  th e  continuous d .c .  a rc ,  from which gas was 
g en era ted  from a s in g le  so u rce , in d ic a te d  th e  im portance o f producing 
sm all bubbles o f gas th roughout th e  fee d s to c k  so as to  a llow  good 
quenching.
A lthough th e  c o n ce n tra tio n  o f th e  a c e ty le n e  in  th e  p ro cess  gas 
was determ ined , no a ttem p t was made to  e s tim a te  th e  o v e ra l l  y i e ld  o f 
a c e ty le n e . The ’cracked  carb o n 1 was produced in  a  very  f in e ly  d iv id ed  
s t a t e  and most o f i t  w as .d isp e rsed  in  th e  feed sto ck  which a ls o  con­
ta in e d  some abraded p a r t i c l e s  from th e  c o n ta c to rs . A sm a lle r amount 
o f c racked  carbon was c a r r ie d  out o f th e  fe e d s to c k  by th e  evo lv ing  gas 
and d e p o sited  in  th e  gas c o l le c t io n  l i n e .  A d i r e c t  q u a n t i ta t iv e  d e te r ­
m ination  o f  th e  cracked  carbon would th e re fo re  be d i f f i c u l t .
For long term  o p e ra tio n  o f th e  in te r m i t te n t  a rc  a p p a ra tu s , th e  
cracked  carbon would have to  be p rev en ted  from accum ulating a c ro ss  th e  
in s u la t in g  m a te r ia l s e p a ra tin g  th e  f ix e d  e le c tro d e s . I t  m ight be 
p o s s ib le  to  ach ieve  t h i s  by u sin g  some k in d  o f flow  system , so t h a t  th e  
conducting  p a r t i c l e s  were p rev en ted  from s e t t l i n g .  To l im i t  th e  c racked  
carbon c o n c e n tra tio n  in  th e  fe e d s to c k , th e  carbon would have to  be 
sep a ra te d  from th e  fee d s to c k  and f r e s h  fee d s to c k  in tro d u ced .
The method used in  th e  p re lim in a ry  experim ents to  sample the- 
p ro cess  gas was n o t id e a l .  I n s u f f i c i e n t  gas was produced to  com pletely  
f lu s h  th e  a i r  out o f th e  ap p ara tu s  and only  one sample b o t t l e  o f  gas •
was c o l le c te d  f o r  each experim ent. I t  would be d e s ir a b le  to  tak e
s e v e ra l  samples o f th e  p rocess gas d u ring  each experim ent and t h i s  
cou ld  be ach ieved  by reducing  th e  volume o f  ap p ara tu s  above th e  fe e d ­
s to ck  and f i t t i n g  a septum in  th e  g a s - l in e .
4 .  EXPERIMENTAL
U t i l i s in g  th e  experience  gained  in  c a rry in g  out th e  p re lim in a ry  
experim ents improvements were made in  th e  design  and c o n s tru c tio n  of 
ap p ara tu s  and in  th e  ex p erim en ta l tech n iq u es  used. In  t h i s  s e c tio n  i s  
d e sc rib e d  th e  two in te r m i t te n t  submerged a rc  ap p ara tu ses  o p e ra ted , th e  
gas sam pling and a n a ly t ic a l  tech n iq u es  used , th e  measurements o f a rc  
c h a r a c te r i s t i c s  and th e  c a lc u la t io n s  o f energy consum ption.
4 .1  A pparatus
4 .1 .1  S ta t i c  System
T his ap p ara tu s  re q u ire d  only  200 to  300 ml o f fe e d s to c k  and was 
c o n s tru c te d  so t h a t  a  range o f ‘c o a l s o lu t io n s ',  o f .d i f f e r e n t  concen­
t r a t i o n s ,  cou ld  be p rocessed  w ith  th e  l im ite d  q u a n tity  o f  m a te r ia l  
a v a i la b le .  The ap p ara tu s  was s im ila r  in  design  to  th e  in te r m i t te n t  
submerged a rc  system  used in  th e  p re lim in a ry  experim ents (S ec tio n  3 .2 ) 
b u t was more e la b o ra te , s a f e r ,  e a s ie r  to  o p e ra te , and the  gas volume 
above th e  fee d s to c k  was approxim ately  ha lved .
A diagram  and a photograph o f th e  ap p ara tu s  a re  shown in  F ig . 26 
and P la te  I  re s p e c tiv e ly . A f ix e d  h o r iz o n ta l  p la te ,  made up o f g ra p h ite  
e le c tro d e s , was sep a ra te d  by a Sindanyo o r g la s s  in s u la to r  upon which 
a t  l e a s t  a s in g le  la y e r  o f 12 mm coke g ran u les  was p laced . The h o riz o n ­
t a l  p la te  was f i t t e d  in to  th e  bottom  o f a  100 mm d iam eter Pyrex g la s s  
v e s s e l  w ith  a g round-g lass  f la n g e  a t  th e  to p . As th e  co a l s o lu tio n s  
were e i th e r  s o l id s  o r v isco u s l iq u id s  a t  room tem p eratu re  a h e a tin g  
band was used  to  h e a t th e  v e s s e l  up to  about 240°C. The to p  o f  th e  
v e s s e l  had f iv e  Q u ic k -f i t  cone and socket jo in t s  ( th re e  B19 one B24 
and one B34) and a f la n g e  making a g a s - t ig h t  jo in t  w ith  th e  b a se . The 
. c o n e  and socket jo in ts  were used fo r :  e l e c t r i c a l  c o n ta c ts  to  th e  e le c ­
t ro d e s , a  therm om eter po ck et, an opening to  purge th e  a p p a ra tu s  w ith  
n itro g e n  b e fo re  o p e ra tin g  and th e  p ro cess  gas o f f - ta k e ,  which was f i t t e d  
w ith  a s a f e ty  p re s su re  re le a s e  d is c .
The power was su p p lied  to  th e  e le c tro d e s  from th e  50 Hz mains 
supply v ia  a 'V a r ia c ' tra n s fo rm e r, g e n e ra lly  o p e ra ted  a t  f u l l  mains 
v o lta g e . The 25 yF  c a p a c ito r  l im ite d  th e  c u rre n t to  2 amps, in  th e  
even t o f a  permanent sh o rt c i r c u i t ,  and c o n tro lle d  th e  d u ra tio n  and
♦
i n te n s i ty  o f th e  a rc s  du ring  normal o p e ra tio n . The response  tim e o f 
th e  ammeter was to o  long to  measure th e  t r u e  c u rre n t flow ing in  th e  
c i r c u i t ,  b u t p rov ided  a rough gu ide . The r e s t  o f  th e  e l e c t r i c a l  c i r ­
c u i t r y  shown in  F ig . 26 was used  to  measure th e  p o te n t ia l  d if f e r e n c e  
between th e  e le c tro d e s  and the  c u rre n t flow ing  during  an a rc .
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4 .1 .2  Flow System
The flow ing feed sto ck  ap p ara tu s  shown in  F ig . 27 had a  v e r t i c a l  
f ix e d  e le c tro d e  system o f  s im ila r  b a s ic  design  to  th a t  used by Schmidt 
e t  a l  (l963)« The n e u tr a l  e le c tro d e  was made o f  a  g ra p h ite  tube  in s u ­
la te d  w ith  p ax o lin  from th e  e a r th e d  s t e e l  v /a lls  o f th e  r e a c to r .  A 
12 mm d iam eter g ra p h ite  ro d , supported  and in s u la te d  from th e  top  o f 
th e  r e a c to r ,  formed th e  l iv e  e le c tro d e .
In  t h i s  d esig n , th e  whole o f  th e  r e a c to r  volume (~  1500 ml) was 
e f f e c t iv e ly  used  by c i r c u la t in g  th e  fee d s to c k  th rough a p e r fo ra te d  
p la te  and 'f lu id is in g *  th e  conducting  g ran u les  between th e  f ix e d  e le c ­
tro d e s . To vary  th e  number o f  a rc s ,  th e  fee d s to c k  c i r c u la t io n  r a te  
was c o n tro l le d  and th e  conducting  g ran u les  d i lu te d  w ith  non-conducting  
ones. S e v e ra l com binations o f conducting  (g ra p h ite  o r coke) and non­
conducting  (g la s s ,  p o rc e la in  o r  coal) g ran u le s  o f  d i f f e r e n t  s iz e s  were 
t r i e d  b e fo re  a  s a t i s f a c to r y  com bination was found. The main problem 
was o f e lu t io n  o f  e i t h e r  th e  conducting o r non-conducting g ran u le s .
A s u i ta b le  m ixture proved to  be eq u a l q u a n t i t ie s  o f c o a l and coke, 
bo th  s iz e d  + 6 - 1 2  mm and t h i s  m ixture was used th roughout th e  e x p e r i­
ments.
The power supply  and th e  e l e c t r i c a l  c i r c u i t r y  were th e  same as 
th o se  used f o r  th e  s t a t i c  system except th a t  f o r  some experim ents th e  
25 y F c a p a c ito r  was re p la c e d  by 50 o r 100 y F  c a p a c ito rs .
4 .1 .3  G-as-line and Sampling
The g a s - l in e  in c lu d ed  a septum, t r a p ,  mercury manometer, f i l t e r  
and gas m eter, in  th a t  o rd e r. A septum was p laced  in  th e  l in e  c lo se  to  
th e  ap p ara tu s  to  enab le  gas samples to  be tak en  d u ring  experim ents by 
means o f a  sy rin g e .
I n i t i a l l y ,  a sm all g la s s  wool f i l t e r  was used , b u t t h i s  tended  to  
b lock-up  w ith  cracked  carbon which was c a r r ie d  in  th e  gas stream . There 
fo r e ,  a  150 mm d iam eter g la s s  f ib r e  c lo th  f i l t e r  was used  in  p la ce  o f 
th e  sm all g la ss  wool f i l t e r .  There was n e g lig ib le  p re s su re  drop a c ro ss  
th e  f i l t e r ,  so th a t  most o f th e  experim ents were o p e ra ted  a t  th e  sm all 
back p re s su re  o f th e  gas m eter.
. I t  was a p p re c ia te d  th a t  th e  w ater in  th e  gas m eter would absorb 
some o f th e  gas, so w ith  pure  w ater a low gas volume would be in d ic a te d . 
However, as th e  same w ater was used throughout th e  experim en ts, i t  has 
been assumed th a t  th e  w ater was s a tu ra te d  w ith  gas, and th a t  th e  m eter 
reco rded  reasonab ly  a cc u ra te  t o t a l  gas volumes.
In  a d d itio n  to  th e  samples tak en  from th e  l in e -w ith  a  sy rin g e  a
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gas sam pling b o t t le  was g e n e ra lly  p laced  in  th e  l in e ,  so th a t  la r g e r  
gas samples could  be c o l le c te d  and analysed  by th e  BCURA A n a ly tic a l 
la b o ra to ry  as re q u ire d .
4 .2  A nalysis  o f P roduct Gas
In  o rd e r th a t  gas an a ly ses  cou ld  be made during  th e  experim en ts, 
a gas chrom atograph, w ith  two columns was c o n s tru c te d . A s i l i c a  g e l 
column was used  to  se p a ra te  th e  ace ty le n e  and e th y le n e , and a'13X 
m olecu lar s iev e  column to  sep a ra te  th e  permanent gases. Argon was 
used as th e  c a r r i e r  gas, a ka th aro m eter f o r  d e te c tio n  and th e  chroma- . 
tograms were d isp lay ed  on a d .c .  re c o rd e r . The m ajor components o f 
th e  p ro cess  gas, a c e ty le n e , e th y le n e , hydrogen, n itro g e n , methane and 
carbon monoxide cou ld  be analy sed  in  about 10 m inutes.
A s tan d a rd  gas m ixture o f approx im ately  th e  same com position as 
th e  p rocess g ases , was bought from H ilg e r  -  I.R .D . L td .;  i t  co n ta in ed  
30% v/ v  a c e ty le n e , 5% e th y le n e , 53% hydrogen, 2% n itro g e n , 5% methane 
and 5% carbon monoxide. The gas c o n c e n tra tio n s  were c a lc u la te d  on a 
peak h e ig h t b a s is .  G en era lly , chromatograms o f th e  p ro cess  and th e  
s tan d a rd  gases were drawn a l te r n a t e ly .
More com plete gas chrom atograph an a ly ses  (u s in g  Poro -pak , 13X 
and s i l i c a  g e l columns) were made by th e  BCURA A n a ly tic a l la b o ra to ry  
from 'snap* samples taken  during  most o f th e  experim ents. The r e s u l t s  
re p o rte d  were g e n e ra lly  an average o f  s e v e ra l  a n a ly se s , made th ro u g h -- 
out each experim ent. The A n a ly tic a l  la b o ra to ry 1s r e s u l t s  were used  as 
a check, and good agreem ent w ith  th e  r e s u l t s  re p o rte d  was o b ta in ed . 
Gaseous components o th e r  th an  th o se  re p o rte d  such as  oxygen, carbon 
d io x id e , e th an e , C3 and Cj^  hydrocarbons, hydrogen su lp h id e , w a te r and 
su lp h u r d iox ide  were g e n e ra lly  d e te c te d  in  t r a c e  q u a n t i t i e s ,  b u t in  
t o t a l  d id  no t amount to  more th an  about ^S .v/ v .
Not a l l  th e  gaseous p roducts  were always accounted  f o r  by gas 
chrom atography and h ig h e r  ace ty le n es  were susp ec ted . Mass sp ec tro m etry  
was used to  examine one gas sample and about 3% d ia c e ty le n e  was d e te c te d . 
P rev ious w orkers have re p o rte d  o b ta in in g  s e v e ra l  p e r  c e n t, o f h ig h e r  
a ce ty le n es  ( e .g .  see Table IX ).
H igher a ce ty len es  a re  n o t e a s i ly  an a ly sed  q u a n t i ta t iv e ly ,  as 
s tan d a rd  samples a re  n o t r e a d i ly  o b ta in a b le  and a re  n o t very  s ta b le .
At t h i s  s tag e  i t  was no t co n sid e red  w orthw hile developing  d i r e c t  quan­
t i t a t i v e  methods f o r  an a ly s in g  h ig h e r  a c e ty le n e s . However, a l l  th e  
o th e r  gaseous components l ik e ly  to  be p re s e n t above t r a c e  q u a n t i t ie s  
were determ ined by gas chrom atography. T h e re fo re , th e  t o t a l  p e rcen tag e
of th e se  gases minus a  hundred, mayhe a measure o f th e  h ig h e r ace ty e len e s  
p re se n t in  th e  p ro cess  gas. The gases re p o r te d  as 'o th e r  components' 
g e n e ra lly  c o n s is t  o f up to  about 2% id e n t i f i e d  t r a c e  components and th e  
r e s t  h ig h e r a ce ty le n es  o r o th e r  u n id e n t i f ie d  components.
4 .3  Arc C h a r a c te r is t ic s  and Energy Consumption 
The a rc  c h a r a c te r i s t i c s  were s tu d ie d  by means o f o sc illo g ram s 
photographed from a T ek tron ix  s to ra g e  o s c il lo sc o p e . The p o te n t ia l  d i f ­
fe re n ce  between th e  e le c tro d e s  was examined v ia  a  p o te n t ia l  d iv id e r  and 
th e  c u r re n t  flow ing  in  th e  c i r c u i t ,  by th e  p o te n t ia l  a c ro ss  a s e r ie s  
r e s is ta n c e .  (The c i r c u i t  used is-show n in  F ig . 26) .  T y p ica l o s c i l lo ­
grams a re  shown in  F ig . 28 and F ig . 29 a and b.
The d u ra tio n  and in te n s i ty  o f th e  a rc s  were p r im a r i ly  dependent 
on th e  value  o f th e  c a p a c ito r  and th e  tim e c o n sta n t o f th e  c i r c u i t .
With th e  ap p ara tu s  on open c i r c u i t  th e  c a p a c ito r  cou ld  no t charge as th e  
tim e c o n s ta n t (CR) o f th e  c i r c u i t  was in  the  o rd e r o f seconds. However, 
when th e  m obile c o n ta c to rs  produced a sh o r t c i r c u i t ,  th e  tim e c o n s ta n t 
was c a lc u la te d  to  be w ell under a m illise c o n d , th e r fo r e  th e  c a p a c ito r  
cou ld  charge from th e  a .c .  supply (h a lf - c y c le  = 10 ms). The e l e c t r i c a l  
course  o f even ts g e n e ra lly  o ccu rrin g  b e fo re  and during  two co n secu tiv e  
a rc s  was thought to  be as fo llo w s:
(The reaso n in g  can be fo llow ed  by r e f e r r in g  to  th e  o sc illo g ram s in  
F ig . 28 a and b and F ig . 29 a and b .)
( i )  A pparatus open c i r c u i t  -  normal a .c .  power, th e  c a p a c ito r  hav ing  
v i r t u a l ly  no charge.
( i i )  A pparatus sh o rt c i r c u i t  -  u s u a lly  occu rred  a t  peak v o lta g e . A 
sp ark , d e te c te d  by th e  in s ta n tan e o u s  v o ltag e  drop, i n i t i a t e d  
an a rc . The c u rre n t and v o lta g e  ro se  and f e l l  over th e  dura­
t io n  o f th e  a rc  and th e  c a p a c ito r  charged. The a rc  was ex­
tin g u ish e d  du rin g  th e  f a l l  in  p o te n t ia l .
( i i i )  A pparatus open c i r c u i t  -  th e  charge on th e  c a p a c ito r  rem ained 
le av in g  a d .c .  b ia s  on th e  a .c .  power supply .
( iv )  A pparatus sh o rt c i r c u i t  -  th e  second a rc  occurred  in  th e  o p p o s ite  
d i r e c t io n  to  th e  f i r s t  and in v o lv ed  a d isch arg e  o f  th e  c a p a c i­
t o r .  The v o lta g e  and c u rre n t c h a r a c te r i s t i c s  were th e  same 
b u t w ith  th e  o p p o site  s ig n . The c a p a c ito r  d isch a rg ed  du rin g  
th e  a rc  so removing th e  d .c .  b ia s .
(v) A pparatus open c i r c u i t  -  normal a .c .  power, th e  c a p a c i to r  having
v i r t u a l l y  no charge.
In  Table X III th e  average d u ra tio n  and in te n s i ty  o f th e  a rc s  p ro ­
duced in  th e  flow  system  ap p ara tu s  a re  shown when d i f f e r e n t  c a p a c ito rs
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were f i t t e d  in  th e  e l e c t r i c a l  c i r c u i t .  The o th e r ex p erim en ta l c o n d itio n s  
were kep t th e  same.
TABLE X III
The average a rc  d u ra tio n  and c u rre n t 
i n te n s i ty  f o r  d i f f e r e n t  v a lu es  of 
c ap a c itan c e . (Flow system appara tus)
C ap ac ito r 
( p f )
Average
Arc
D uration
(ms)
Average
C urren t
I n te n s i ty
(amps)
100 0 .7 0 70
50 0.55 50
25 0 .36 40
The average arc  d u ra tio n  and c u rre n t in te n s i ty  decreased  w ith  d ecrease  
in  cap a c itan c e .
The tim e taken  to  e f f e c t iv e ly  f u l l y  charge a c a p a c ito r  i s  5 CR.
The r e s is ta n c e  ac ro ss  each coke p a r t i c l e  was about 0 .5  ohm which would
made 1 .5  to  2 ohms a reaso n ab le  e s tim a te  of the  r e s is ta n c e  between th e
f ix e d  e le c tro d e s  when c o n ta c t was made. Assuming a c o n s ta n t r e s is ta n c e ,  
th e  tim es taken  to  f u l l y  charge th e  c a p a c ito r  would th u s  be:
100 y F 1 .0  to  1.25 ms
50 y F 0 .5  to  0 .62  ms
25 y F 0 .25  to  0 .3 1  ms
These tim es a re  about equal to  th e  measured a rc  d u ra tio n s  shown in  
Table X III . The reac tan ce  o f th e  c i r c u i t  decreases  w ith  in c re a s e  in  
c a p a c ita n c e , and so th e  d u ra tio n  o f th e  a rc s  w i l l  not be d i r e c t l y  
p ro p o r tio n a l to  th e  c a p a c ita n c e . The c u r re n t  i n t e n s i t i e s  a re  a ls o
c o n s is ta n t  w ith  th e  changes o f  th e  c i r c u i t  re a c ta n c e .
The a rc s  gen era ted  in  th e  s t a t i c  system were o f much low er c u r­
re n t  in te n s i ty  than  th o se  gen era ted  in  th e  flow  system .
No commercial in s tru m en t was found, th a t  would be s u i ta b le  f o r  
m easuring th e  energy consumption o f th e  submerged a rc ,  because o f  th e  
sh o rt d u ra tio n  and h igh  c u rre n t in t e n s i ty  o f th e  a r c s .  However, by 
in te r p r e t in g  la rg e  numbers o f o sc illo g ram s an approxim ate measure o f
th e  energy consumption was o b ta in ed . The method used was to  c a lc u la te  
th e  average power consumed in  a ty p ic a l  a rc  and m u ltip ly  t h i s  v a lu e  by 
th e  t o t a l  number o f a rc s .
F ig . 29 shows a ty p ic a l  o sc illo g ram  o f th e  c u rre n t and v o lta g e  
curves to g e th e r  w ith  th e  c a lc u la te d  power cu rve . The power curve was 
c a lc u la te d  from th e  in s tan tan eo u s  v a lu es  o f th e  c u rre n t and v o lta g e  
ac ro ss  th e  a rc . To c a lc u la te  the  v o ltag e  drop i t  was n ecessa ry  to  
e s tim a te  th e  zero  a .c .  v o ltag e  in  th e  fo llo w in g  way: th e  p eak -to -p eak
a .c .  v o ltag e  was measured and then  assuming th a t  th e  s p a r k 'i n i t i a t i n g  
th e  a rc  o ccu rred  a t  peak a .c .  v o lta g e , th e  zero a .c .  v o ltag e  le v e l  was 
drawn a t  h a l f  th e  peak -to -p eak  v o lta g e  (see  F ig . 29b). I t . i s  known 
th a t  a few o f th e  a rc s  a re  in  f a c t  i n i t i a t e d  a t  a  v o lta g e  le s s  than  
th e  peak v o ltag e  and th e re fo re  th e  v o lta g e  drops and hence th e  energy 
consumption e s tim a ted  in  th i s  way w i l l  e r r  on th e  h ig h  s id e .
The o sc illo g ram  shown in  F ig . 29 was o b ta ined  d u rin g  an experim ent 
in  th e  s t a t i c  system u sin g  a 10?o c o a l s o lu tio n  fe e d s to c k . The energy  
consum ption f o r  th e  experim ent was c a lc u la te d  as fo llo w s:
Volume o f gas produced = 6 .5 l i t r e s
A cetylene c o n c e n tra tio n  = 32.5/^ .
D uration  o f  run  = 70 min.
T h ere fo re , th e  r a te  o f  p ro d u c tio n  o f a ce ty le n e  = 2 .1  g a c e ty le n e  p e r  
hour.
For th e  purpose o f t h i s  c a lc u la t io n  th e  d a ta  shown in  F ig . 29 w i l l  
be used even though th e  maximum c u rre n t o f 10 amps i s  a l i t t l e  more th an  
th e  average c u rre n t which was found to  be 8 .7  amps. T his w i l l  again  
r e s u l t  in  a s l ig h t ly  h ig h e r  power f ig u r e .
The in te g r a l  o f  th e  power curve (F ig . 29c) i s  0 .55  Jo u le s  and a t  
an average 27 a rc s  p e r second (counted  from a s to ra g e  o sc il lo sc o p e )  th e  
average power consumption d u ring  th e  run was 14 .8  w a tts . As t h i s  power 
produced 2 .1  g o f  a ce ty le n e  p e r  hour th e  energy consum ption fo r  th e  run 
was approxim ately  7 kWh p e r kg o f a ce ty le n e .
The accuracy  o f  th e  method depended m ainly on o b ta in in g  a r e p re ­
s e n ta t iv e  f ig u re  fo r  th e  average power consumption in  an average  a rc . 
Table XIV g ives th e  c a lc u la te d  power consum ptions f o r  5 a rc s  o f d i f f e r ­
en t c u r re n t in te n s i ty  gen era ted  d u rin g  an experim ent in  th e  s t a t i c  
system  u s in g  UCC an th racene  o i l  fe e d s to c k . The average c u r re n t  in te n ­
s i t y  fo r  t h i s  experim ent was 8 .5  amps and th e re fo re  0 .6 l  Jo u le s  was 
c o n sid e red  to  be re p re s e n ta t iv e  o f  th e  power consumed in  each a rc . An 
average o f 26 a rc s  p e r  second was g en era ted  and th e re fo re  th e  average
power used  was 15 .8  w a tts . The ra te  o f a ce ty le n e  p ro d u c tio n  was 
2.26  g p e r  hour and th e re fo re  th e  energy consumption was approxim ately  
7 kWh/kg o f a ce ty le n e .
TABLE XIV
C alcu la te d  power consumptions o f a rc s  of 
d i f f e r e n t  c u r re n t  in te n s i ty
C urren t (Amps) j 11.5 10 .0 10.0 6 .0 6 .0 Average 8 .7
Power consumption |
(Jo u le s) j 0 .77 O.64 0.60 0 .4 8 0 .56 Average 0 .6 l
The energy consumption was no t measured as a ro u tin e  p rocedure, 
h u t s im ila r  c a lc u la t io n s  made from a. number o f  o th e r  experim ents a ls o  
r e s u l te d  in  v a lu es  o f about 7 kWh/kg o f a c e ty le n e .
5 . RESULTS
5 .1  A nthracene O il
UCC an th racene  o i l  was used fo r  th e  ’commissioning* experim ents 
w ith  th e  flow  system a p p a ra tu s , because o f i t s  m o b ility  a t  room tem pera­
tu r e .  G en era lly , th e  a ce ty len e  c o n c e n tra tio n  in  th e  p rocess gas v/as 
above 30 p e r c e n t . , re g a rd le s s  o f  o p e ra tin g  c o n d itio n s . The sm all 
g la s s  wool f i l te r - w h ic h  was used  fo r  th e  i n i t i a l  experim ents ten d ed  . 
to  become blocked w ith  th e  c racked  carbon c a r r ie d  in  th e  gas stream . 
When th i s  occu rred , th e  p re ssu re  o f th e  p rocess gas in c re a se d  and th e  
ace ty len e  c o n c e n tra tio n  in  th e  gas decreased . The amount o f c racked  
carbon e n te r in g  th e  gas stream  a ls o  in c re a se d  under th e se  c o n d itio n s  
so a c c e le ra t in g  th e  b lo ck in g  o f th e  f i l t e r .
The e f f e c t  of th e  d u ra tio n  and in te n s i ty  o f th e  a rc s  (see  s e c tio n  
4 . 3 ) on th e  com position o f th e  p rocess  gas was s tu d ie d  by changing th e  
va lue  o f th e  c a p a c ito r  in  th e  c i r c u i t ,  w hile keeping th e  o th e r  o p e ra t­
in g  c o n d itio n s  c o n s ta n t. The r e s u l t s  a re  shown in  T able XV. H igher 
a c e ty le n e  and low er ’ o th e r  components’ c o n c e n tra tio n s  were o b ta in ed  
u sin g  a rc s  o f  th e  sh o rte s t d u ra tio n  and low est in te n s i ty .
TABLE XV
V a ria tio n  o f Gas Com position w ith  C irc u it  
C apacitance f o r  UCC A nthracene O il in  th e  
Flow Submerged Arc A pparatus
C irc u i t
C apacity
( u*0
Gas Com position % v/ v
c2h2 C2H4 h2 n2 CH4 CO O therComponents
100 30.5 0 .6  ' 34 .7 1 .1 1.3 3 .1 6 .7
50 3 2 .4 0 .6 5 4 .8 0 .5 1 .2 4 .9 3 .6
25 35 .7 0 .6 53 .0 0 .6 1 .2 3 .7 3 .2
To study  th e  e f f e c t  o f  th e  a rc in g  on th e  fe e d s to c k , gas l iq u id  
chromatograms were reco rded  o f samples tak en  from ~ 1500 ml o f  UCC 
an th racen e  o i l ,  b e fo re  and a f t e r  45 l i t r e s  o f p ro cess  gas had been 
ob ta in ed  from th e  r e a c to r .  The chromatograms appeared v i r t u a l l y  
id e n t i c a l .  F ig . 30 shows a p lo t  o f th e  r e te n t io n  tim es v e rsu s  th e
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b o i l in g  p o in ts  o f th e  major components o f the  an th racene  o i l .  The 
p roducts o f  th e  peak h e ig h ts  and r e te n t io n  tim es measured from th e  two 
chromatograms were compared and t h e i r  r a t io s  fo r  th e  m ajor components 
a re  shown in  Table XVI. I t  i s  p o s s ib le  th a t  a l i t t l e  naph thalene  may 
have been produced a t  th e  expense o f  f lu o re n e , b u t th e  a rc  p rocess d id  
no t appear to  cause any major changes in  th e  fe ed sto ck  com position .
TABLE XVI
R atio  o f th e  p roducts  o f peak h e ig h t and r e te n t io n  
tim e o f th e  m ajor components o f  UCC an th racene  o i l ,  
a f t e r  and b e fo re  p ro cess in g  in  th e  flow ing submerged .
a rc  a p p a ra tu s .
Substance R a tio  A fte r/B e fo re
N aphthalene , CM•
A cenaphthalene • .25
Diphenylene oxide .24
Fluorene .18
Phenanthrene .25
F luoran thene .24
Pyrene .23
To in v e s t ig a te  th e  e f f e c t  o f  th e  tem pera tu re  o f th e  l iq u id  fe e d ­
s to ck  on th e  com position o f th e  p ro cess  g as, th e  flow  system  a p p ara tu s  
was e x te r n a l ly  h ea ted . UCC an th racen e  o i l  was p ro cessed  a t  v a rio u s  
tem p era tu res  in  the  range 40° to  140°C. I t  was not p o s s ib le  to  work 
above 140°C because o f th e  ex cessiv e  amount o f o i l  c a r r ie d  over in to  
th e  gas l i n e .  The com position o f th e  p roduct gas rem ained a p p ro x i­
m ately  c o n sta n t over t h i s  tem pera tu re  ra n g e , in d ic a t in g  th a t  th e  p ro ­
cess  gas was s a t i s f a c t o r i l y  quenched even when the  fe e d s to c k  tem pera­
tu re  was as h igh  as 140°C. i
A snap gas sample, tak en  when o p e ra tin g  th e  flow  system  a p p ara tu s  
w ith  a 100 y F c a p a c ito r  and UCC an th racen e  o i l  fe e d s to c k , was examined 
by t im e - o f - f l ig h t  mass spec trom etry  (Bendix Type No. 3015)• I t  was 
e s tim a te d  th a t  about ifo d ia ce ty le n e .w a s  p re s e n t in  th e  gas.
5 .2  Coal S o lu tio n s
The 'c o a l  s o lu t io n s ' were e i th e r  so lid s  or v isco u s l iq u id s  a t  
room tem p era tu re  and th e re fo re  re q u ire d  h e a tin g  b e fo re  th ey  cou ld  be 
p rocessed . A 1C% co a l s o lu t io n , in  C a e rp h illy  an th racene  o i l  could  
be p ro cessed  in  th e  .flow-'system ap p ara tu s  a t  a tem pera tu re  o f 110°C. 
Three experim ents were c a r r ie d  o u t, u s in g  th re e  d i f f e r e n t  c i r c u i t  
c a p a c ito rs .  The com position o f th e  p rocess gases o b ta in ed  i s  shown 
in  Table XVII.
V table XVII
V a ria tio n  o f P rocess Gas Composition w ith  
C irc u it  C apacitance: 1 Ofo 'C oal S o lu tio n ' 
in  C a e rp h illy  A nthracene O il p rocessed  a t  
a Tem perature o f 110°C in  th e  V e r t ic a l  
F ixed E lec tro d e  A pparatus. .
C irc u it  
C apacity  
( pF)
Gas Com position % v/ v
c2h2 c2h4 h2 n2 ch4 CO
O ther 
Components 
(by d i f f . )
100 2 6 .3 0 .4 55 .8 0 .3 1 .0 4 .6 11.6
50 29.6 0 .3 55 .3 0 .3 0 .9 5 .2 8 .4
25 30 .5 0 .3 5 4 .4 0 .6 1 .0 5 .0 8 .2
The c o n c e n tra tio n  o f a ce ty le n e  in c re a se d , and ' o th e r  com ponents' 
dec reased , as c i r c u i t  c ap ac itan ce  d ecreased . S im ila r  changes in  p ro ­
cess  gas com position w ith  c i r c u i t  c ap ac itan ce  were o b ta in ed  w ith  UCC 
an th racene  o i l  (see  Table XV) .
As only sm all q u a n t i t ie s  o f 'c o a l  s o lu t io n s ' were a v a ila b le  th e  
s t a t i c  system  ap p ara tu s  was used, to  enab le  a  range o f co a l s o lu tio n s  
o f d i f f e r e n t  c o n ce n tra tio n  to  be processed,. The h ig h e s t fe e d s to c k  
tem pera tu re  a t  which th e  ap p ara tu s  cou ld  be o p e ra ted  s u c c e s s fu lly , 
w ithou t th e  UCC an th racen e  o i l  b o i l in g  over, was 240°C. At t h i s  
tem p e ra tu re , 'c o a l  s o lu t io n s ' c o n ta in in g  up to  25% c o a l su b stan ce , 
were s u f f i c i e n t ly  m obile to  be p ro cessed . .The com position  o f  th e  p ro ­
cess  gases ob ta in ed  from a range o f c o a l s o lu tio n s  (up to  25%) i s  shown 
in  Table XVIII and th e  percen tage  o f  a ce ty le n e  i s  p lo t te d  a g a in s t  th e
percen tage  o f co a l substance  in  F ig . 31. The s ig n if ic a n t  changes in  
th e  p ro cess  gas com position w ith  in c re a se  in  the  co a l so lu tio n  concen 
t r a t i o n  were, th e  decrease  o f a ce ty le n e  and th e  in c re a se  o f ‘ o th e r  
com ponents'.
TABLE XVIII
. V a r ia tio n  o f P rocess  Gas Composition w ith  
C on cen tra tio n  o f 'c o a l  s o lu t io n ' (S o lven t:
UCC an th racene  o i l )  a t  a  Tem perature of 
240°C in  th e  H o riz o n ta l F ixed  E lec tro d e  
, A pparatus.
P ercen tage
Coal
Substance
(w/w)
Gas Composition % v/ v
C2H2 CA h2 n2 ch4 CO
O ther 
Components 
(by d i f f . )
0 33 .7 1.2 53 .0 0 .4 2 .0 5 .2 4 .5
0 33 .7 2 .0 32.8 0 .6 2 .2 4 .8 3 .9
10 32.3 1 .2 53-6 0 .2 2.3 5 .2 5 .0
15 3 1 .9 1 .2
15 32 .3 1 .2 54 .2 0 .2 2 .4 5 .4 4 .1
20 29.6 0 .8 53 .6 0 .3 2 .1 5 .2 8 .4
23 29.0 0 .8 54 .6 ‘0 .2 2 .1 5 .5 7 .8
23 29.0 0 .9 54 .7 0 .3 2 .2 5 .7 7 .2
3 .3  P itc h
The p itc h  used was a by-p roduct o f th e  Rexco sm okeless f u e l  
p ro cess . The o b je c t o f th e  experim ents was to  see i f  a c e ty le n e  cou ld  
be produced from th e  p i tc h  and i f  th e  used fee d s to c k  had b e t t e r  b in d ­
in g  p ro p e r t ie s .  About 200 g o f p i tc h  was p rocessed  in  th e  s t a t i c  
ap p ara tu s  a t  a tem peratu re  o f about 170°C.
The p ro cess  gas co n ta in ed  29.3% a c e ty le n e , 2.£}$ e th y le n e ,
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5 1 . 7f° hydrogen, 1.0f  n itro g e n , methane, 9.0/5 carbon monoxide and
o th e r  components. The h igh  c o n c e n tra tio n  of carbon .monoxide in  
th e  p rocess  gas can be a t t r ib u te d  to  th e  h igh  oxygen c o n ten t o f th e  
Rexco p i tc h  (see  Table X).
A f te r  12 l i t r e s  o f  gas had been produced th e  p i tc h ,  on co o lin g , 
appeared more b r i t t l e  th an  th e  o r ig in a l  p i tc h .  Some p ro p e r t ie s  o f th e  
used and unused p i tc h  a re  shown in  Table XIX.
TABLE XIX
P ro p e r tie s  o f Rexco p i tc h  b e fo re  and a f t e r  
p ro cess in g  in  th e  submerged a rc  ap p a ra tu s .
M a te r ia l f  Carbon fo Hydrogen S o ften in g  P o in t °C
Toluene 
In so lu b le s  fo
P itc h  
Used P itc h
85.22
85.46
7 .80
7 .52
56.5  
• 70 .5
3
1°
The p i tc h  had been en rich ed  w ith  carbon, b u t the  Rexco Company found 
th a t  t h i s  had not improved i t s  b in d in g  p ro p e r t ie s  (p r iv a te  communi­
c a t io n ) .  ,
5*4 Phenanthrene and L iqu id  P a ra f f in
As th e  co a l p roducts p ro cessed  were a l l  heterogeneous su b stan ces  
composed o f  many components, i t  was decided  to  p ro cess  l e s s  complex 
substances to  s im p lify  th e  exam ination o f th e  v o l a t i l e  p ro d u c ts . 
Phenanthrene (C^H^o) was chosen because i t s  c a rb o r/h y d ro  gen r a t i o  
i s  s im ila r  to  t h a t  o f c o a l. For com parison an a l ip h a t ic  su b stan ce , 
l iq u id  p a r a f f in ,  was chosen. A lthough i t  i s  no t a pure substan ce  i t  
c o n ta in s  only  p a ra f f in s .
Both feed sto ck s  were p ro cessed  in  th e  s t a t i c  a p p a ra tu s . The 
phenanthrene was h ea ted  to  a tem p era tu re  o f l60°C in  th e  a p p a ra tu s  
and a sample o f th e  phenanthrene taken  b e fo re  s t r ik in g  an a rc . D i f f i ­
c u lty  was experienced  in  running  th e  a p p a ra tu s , because o f  th e  la rg e  
amount o f  cracked  carbon th a t  formed; th e  carbon d e p o sited  on the . 
h o r iz o n ta l  e le c tro d e s  and c e n t r a l  in s u la to r  and caused  a perm anent 
sh o r t c i r c u i t  (see  P la te  I I ) . A sample of th e  used feed sto ck , was 
taken  a f t e r  th e  experim ent and gas l iq u id  chrom atography on th e  
phenan threne, b e fo re  and a f t e r  p ro c e ss in g , were then  c a r r ie d  o u t.
Sill
Sindonyo
■» Carbon
"bridge'
PLATE II Examples of ♦bridges* formed 
on the central insulator.
The two chromatograms appeared id e n t ic a l  and in d ic a te d  th a t  no p roducts  
were formed in  th e  b o il in g  range 150° to  500°C. The a n a ly s is  o f th e  
p rocess gas i s  shown in  Table XX.
TABLE XX
Composition o f Gas produced from Phenanthrene 
and L iqu id  P a ra f f in  F eedstocks in  th e  H orizon­
t a l  F ixed  E lec tro d e  A pparatus.
Feedstock
Tem perature
°C
Gas Composition % v/ v
Feedstock
c2h2 c2h4 h2 ch4 CO
O ther 
Components 
(by d i f f . )
L iqu id
P a ra f f in 60 32 .9 6 .0 53 .3 3 .7 2 .3 . 1 .8
Phenanthrene 160 34 .0 1 .0 58 .0 0 .8 1 .0 5 .2
The l iq u id  p a ra f f in  was p ro cessed , w ithou t d i f f i c u l t y ,  a t  a 
tem p era tu re  o f 60°C. The chromatograms o f  th e  unused and used  fe e d ­
s to ck  were id e n t ic a l ,  f u r th e r  in d ic a t in g  th a t  th e  p ro d u c ts  o f the  
submerged a rc  p rocess a re  gas and s o l id  on ly . The a n a ly s is  o f  th e  
p ro cess  gas i s  shown in  Table XX.
When th e  com positions o f th e  p rocess gases from phenanthrene and 
l iq u id  p a r a f f in  a re  compared (Table XX), i t  can be seen th a t  th e re  i s  
l i t t l e  d if fe re n c e  in  th e  c o n c e n tra tio n  o f a c e ty le n e , b u t th a t  th e  
e th y len e  c o n c e n tra tio n  in c re a se s  from 1% f o r  phenanthrene to  &?o f o r  
l iq u id  p a ra f f in .  There a re  a lso  s ig n i f ic a n t  changes in  th e  concen­
t r a t i o n  o f th e  ’ o th e r com ponents'. The carbon  monoxide i s  b e lie v e d  to  
be due to  the  p resence o f m o istu re-and  oxygen sorbed  on th e  f r e s h  coke 
g ran u les  used as c o n ta c to rs .
6 . THEORETICAL CONSIDERATION OF MAXIMUM YIELD
The ex p erim en ta l ev idence in d ic a te s  t h a t  th e  p roducts  o f c ra ck - . 
in g  a re  gas and s o l id  only . I f  a l l  th e  s o l id  cou ld  be recovered  an 
exp erim en ta l y ie ld  o f  a c e ty le n e  cou ld  be e stim ated . However, as most 
o f th e  cracked  carbon i s  o f very  sm all p a r t i c l e  s iz e  s e p a ra tio n  from 
th e  feed sto ck  on a q u a n t i ta t iv e  b a s is  i s  im p ra c tic a b le . T h e re fo re , a 
maximum th e o r e t ic a l  y ie ld  o f a ce ty le n e  has' been c a lc u la te d  from a con­
s id e r a t io n  o f th e  gas a n a ly se s .
I f  i t  i s  assumed th a t  a l l  th e  hydrogen in  th e  cracked  fe e d s to c k  
i s  converted  in to  gaseous p ro d u c ts , then  i t  i s  p o s s ib le  to  determ ine 
an e m p iric a l eq u ation  which w i l l  s a t i s f y  th e  observed gas com position . 
F or example, w ith  phenanthrene as fe e d s to c k  th e  fo llo w in g  eq u a tio n  
re p re se n ts  th e  com position o f th e  gas as given in  Table XX.
20 ClifH10 * 34 C2H2 + + 58 H2 + 6 ( -  CH2) + 204 C
where 6 ( -  CH2) re p re se n ts  methane and o th e r h ig h e r u n sa tu ra te d  hydro­
carbons; i t  i s  assumed th e  carbon monoxide o r ig in a te d  from th e  coke 
c o n ta c to rs .
From t h i s  eq u atio n  i t  can be seen th a t  20 moles o f  phenanthrene 
a re  re q u ire d  to  produce 34 moles o f ace ty len e  and th a t  th e  y ie ld  o f 
ace ty len e  from phenanthrene i s  25% w/w . The t ru e  y ie ld  w i l l  be low er
than  t h i s  because th e  'c rac k ed  carbon ' w i l l  undoubtedly  have hydrogen .
a s s o c ia te d  w ith  i t .
When a s im ila r  approach i s  adopted f o r  th e  l iq u id  p a ra f f in  r e s u l t s  
(T able XX) th e  fo llo w in g  e m p ir ic a l eq u a tio n  can be determ ined:
• 11 C10Ef19 * 33 C2H2 .+ 6 + 53 H2 + 3.5 CH^ + 28.5 C
where C^qH^ represents the composition of the liquid paraffin. From 
this equation it can be seen that 11 moles of liquid paraffin yield 
33 moles of acetylene and 6 moles of ethylene. These figures repre­
sent a 56% yield of acetylene and an 11% yield of ethylene.
The carbor/hydrogen  r a t i o  o f 'c o a l  s o lu t io n s ’ and th e  com position  
o f  th e  p rocess gas a re  s im ila r  to  th o se  o f phenan th rene , so i t  i s  
u n lik e ly  th a t  th e  maximum y ie ld  o f a ce ty le n e  from c o a l e x t r a c t  w i l l  
exceed 25% w/w .
7 . DISCUSSION
In  th e  submerged a rc  p ro cess  l iq u id  hydrocarbon fe e d s to c k s  are  
ra p id ly  h ea ted  to  a  h igh  tem p era tu re . The hydrocarbon i s  c racked  to  
sm all io n ic  e n t i t i e s ,  th a t  a llow  an a rc  to  be m ain tained . When th e  
a rc  i s  e x tin g u ish ed , th e  io n ic  e n t i t i e s  combine in  v a rio u s  ways. At 
h igh  tem p e ra tu res , a ce ty le n e  i s  th e  most s ta b le  o f th e  hyd rocarbons, 
th e r e f o r e ,  i f  th e  io n ic  e n t i t i e s  a re  r a p id ly  coo led , a c e ty le n e  i s  th e  
favoured  hydrocarbon p ro d u c t. At tem p era tu res  below about 1000°C th e  
low er s a tu ra te d  hydrocarbons become th e  favoured  p ro d u c ts . As th e  
tem pera tu re  a t ta in e d  in  th e  a rc s  i s  s e v e ra l  thousand degrees th e  impor­
ta n t  f a c to r s  a re  th e  tim e a t  tem pera tu re  and th e  co o lin g  o f th e  io n ic  
e n t i t i e s .
E f f i c i e n t  quenching would be favoured  by sm all r a th e r  th an  la rg e  
bubbles o f gas p ass in g  th rough th e  r e l a t i v e ly  coo l l iq u id .  In  th e  
p re lim in a ry  experim ents u s in g  a d .c .  a rc  i t  was observed th a t  th e  gas 
bubbles formed were la rg e  and the  a ce ty le n e  c o n c e n tra tio n  in  th e  p ro ­
cess  gas low. I n  th e  in te r m i t te n t  a rc  system s, much sm a lle r  bubb les 
o f gas were produced and th e  a ce ty le n e  c o n c e n tra tio n  in  th e  p ro cess  
gas was much h ig h e r.
By a l te r in g  th e  value o f th e  c a p a c ito r  in  th e  e l e c t r i c a l  c i r c u i t ,  
th e  d u ra tio n  and c u rre n t in t e n s i ty  o f th e  a rc s  cou ld  be c o n tro l le d . The 
h ig h e s t  a ce ty le n e  c o n ce n tra tio n s  were ach ieved  u sin g  th e  a rc s  o f s h o r t­
e s t  d u ra tio n  ( - 0 .4  ms). P o s s ib le  reaso n s f o r  t h i s ,  cou ld  be th e  s h o r t  
r e a c t io n  tim e and th a t  th e  bubbles o f gas produced were sm a lle r  and more 
e f f i c i e n t l y  quenched. The gases c o n ta in in g  th e  h ig h e s t  a c e ty le n e  con­
c e n tr a t io n s  a lso  had th e  low est c o n c e n tra tio n  o f 1 o th e r  com ponents’ • 
P o s s ib ly ,• th e  s h o r te r  a rc s  produced s im ila r  t o t a l  c o n c e n tra tio n s  o f 
a ce ty le n e  p lu s homologues, b u t th e  lo n g e r a rc s  ( ~ 0 .7  ms) a llow ing  a 
lo n g e r re a c tio n  tim e produced a h ig h e r  c o n c e n tra tio n  o f  a c e ty le n e  
homologues.
When u sin g  l iq u id  p a ra f f in  as fe e d s to c k  and a sh o rt d u ra tio n  a rc  
( ~ 0 .4  m s), a l l  b u t a  t r a c e  o f th e  p rocess gas was i d e n t i f i e d  by gas 
chrom atography, in d ic a t in g  th a t  a c e ty le n e  homologues were a b se n t. 
P rev ious w orkers, u sing  a l ip h a t ic  fe ed sto ck s  in  re a c to r s  g e n e ra tin g  
more pow erful a rc s  of approx im ately  8 ms d u ra tio n , produced gases con­
ta in in g  s im ila r  c o n ce n tra tio n s  o f t o t a l  a c e ty le n e s , b u t th e se  c o n ta in ed  
4% o r more ace ty len e  homologues. (Schmidt e t  a l  19^3, K ro ep e lin  e t  a l  
1957 and M ille r  19&5)• fo rm ation  o f a ce ty le n e  homologues i s  g en er­
a l l y  u n d e s irab le  and th e re fo re  th e  s h o r te r  d u ra tio n  a rc  system  used  in
th i s  work i s  in  t h i s  re s p e c t su p e rio r  to  p rev io u s  system s.
The t o t a l  y ie ld s  o f gas ( s e c tio n  6) and th e  com positions o f th e  
p ro cess  gases o b ta in ed  from phenanthrene and liq u id - .p a ra f f in  (T able XX) 
a re  ap p rec iab ly  d i f f e r e n t .  I t  i s  p robable  t h a t  th e  s p a t i a l  d i s t r ib u ­
t io n  o f carbon and hydrogen in  th e  chem ical s t ru c tu re  o f th e  feed s to ck , 
governs th e  d if fe re n c e s  between arom atic  and a l ip h a t ic  fe e d s to c k s .
Large pericondensed  arom atic  r in g  systems have carbon atoms w ithou t 
a s s o c ia te d  hydrogen atoms and th e se  s t ru c tu re s  a re  l ik e ly  to  favou r 
th e  fo rm ation  o f carbon and p o ss ib le  ace ty len e  homologues, r a th e r  than  
ac e ty le n e . The c o n c e n tra tio n  of ’o th e r  components' was h ig h e r in- th e  
p ro cess  gas from phenanthrene than  th a t  from l iq u id  p a ra f f in .  A lso , 
when p ro cess in g  coa3. s o lu tio n s  th e  c o n ce n tra tio n  o f 1 o th e r  components' 
tended  to  in c re a se  and th e  c o n ce n tra tio n  o f  a ce ty le n e  d ecrease  in  th e  
p ro cess  gas w ith  in c re a se  in  th e  c o n c e n tra tio n  o f co a l substance  
(T able X V III). I t  can be seen from Table X th a t  th e  co a l e x t r a c t  had 
a low er hydrogen/carbon r a t i o  and p robab ly  co n ta in ed  more pericondensed  
arom atic  r in g  system s than  th e  UCC an th racene  o i l .
The s a tu ra te d  hydrocarbons which make up l iq u id  p a ra f f in  g e n e ra lly  
have two hydrogen atoms a s s o c ia te d  w ith  each carbon atom and i t  can be 
seen from th e  ta b le s  o f p ro cess  gas a n a ly se s , th a t  l iq u id  p a ra f f in - p r o ­
duces a gas much r ic h e r  in  e th y len e  than  th e  gas d e riv ed  from arom atic  
fe e d s to c k s .
The p resence  o f oxygen in  a feed s to ck  r e s u l t s  in  th e  fo rm atio n  o f 
carbon monoxide in  th e  p rocess g as, p o ss ib ly  a t  th e  expense o f a c e ty le n e  
and th e re fo re  i s  a d isadvan tage .
A part from th e  d if fe re n c e s  in  chem ical s t ru c tu re  o f th e  an th racene
o i l  and th e  c o a l sub stan ce , some o f th e  changes in  th e  p ro cess  gas
com position w ith  co a l c o n c e n tra tio n  (Table XVTIl) cou ld  be due to  d i f f e r
ences in  th e  v is c o s i ty  o f th e  feed s to ck . Although th e  tem p era tu re  o f 
th e  s e r ie s  o f experim ents was kep t c o n sta n t a t  240°C, th e  v is c o s i ty  
in c re a se d  w ith  co a l c o n c e n tra tio n . During th e  p rocess  th e  fe e d s to c k  
becomes p ro g re s s iv e ly  more v iscous as i t  i s  en rich ed  w ith  s o l id  'c ra c k e d  
carbon ' and p a r t i c l e s  eroded from th e  coke c o n ta c to rs . The upper l im i t  
o f fe e d s to c k .te m p e ra tu re  i s  th a t  tem p era tu re  a t  which th e  fe e d s to c k  
s t a r t s  to  c a rb o n ise . I t  i s  p robab le  th a t  only a r e l a t i v e l y  sm all p e r ­
cen tage o f a co n cen tra ted  co a l s o lu tio n  cou ld  be p ro cessed  w ithou t 
co n tin u o u sly  removing th e  f in e  s o l id  p a r t i c l e s  produced.
In  a  flow  system the  s o lid s  cou ld  be s e p a ra te d  from th e  fe e d s to c k  
by f i l t e r i n g  o r by means o f s e t t l i n g  ta n k s , b u t e f f i c i e n t  s e p a ra tio n
would be ex trem ely  d i f f i c u l t  from a very  v iscous feed sto ck . The product 
would probab ly  be a sludge o f ’cracked  carb o n ’ , eroded coke c o n ta c to r  
p a r t i c l e s  and fe e d s to c k . I t  was found th a t  some o f th e  'c ra c k e d  carbon ' 
becomes e n tra in e d  in  th e  p ro cess  gas and could  be c o l le c te d  from th e  
t r a p  and f i l t e r  p laced  in  th e  g a s - l in e ,  b u t t h i s  'c rac k ed  carb o n ’ was 
a lso  contam inated  w ith  fe e d s to c k . I t  i s  u n lik e ly  th a t  th e  submerged 
a rc  p rocess can be co n sid e red , as a  method o f m anufacturing  carbon b lack .
An a l te r n a t iv e  to  se p a ra tin g  th e  s o l id s  from th e  fe e d s to c k , would 
be to  p ro cess  a  fe ed sto ck  u n t i l  i t s  s o l id s  c o n ce n tra tio n  became too  
h igh  f o r  f u r th e r  p ro cess in g  and th en  r e je c t  i t .  I f  in c o rp o ra te d  in to  
a c o a l so lv en t e x tra c t io n  p ro cess  t h i s  method could  be used  to  p a r t i a l l y  
p rocess  th e  d ig e s t  (F ig . 23) to  produce ace ty le n e  and e n r ic h  th e  d ig e s t  
w ith  carbon. Much would depend on th e  proposed use o f  th e  d ig e s t  and 
th e  e f f e c t  o f th e  submerged a rc  p ro cess in g  on t h e . d e s ire d  p ro p e r t ie s  
o f th e  d ig e s t .
8 . CONCLUSIONS OF PART I I
A lim ite d  in v e s t ig a t io n  has been made on th e  use o f  submerged arc  
system s f o r  th e  p ro d u c tio n  of a ce ty len e  from co a l based fe e d s to c k s . 
Anthrancene o i l  and p i tc h  (bo th  co a l p y ro ly s is  p ro d u c ts ) , co a l so lu tio n s  
(so lv e n t e x t r a c t s ) ,  phenanthrene and l iq u id  p a r a f f in  were examined.
Three la b o ra to ry  s c a le  ap p ara tu ses  were c o n s tru c te d  and o p era ted ; a 
continuous d .c .  a rc ,  and two in te r m i t te n t  a .c .  a rc  system s. The gases 
produced were an aly sed  by gas chrom atography.
• The continuous d .c .  system produced a gas c o n ta in in g  about 10%
* ace ty len e  from an th racene  o i l ,  bu t th e  energy  consum ption was h ig h , 
■approxim ately 250 kWh/kg o f a ce ty le n e .
The two types o f in te r m it te n t  a .c .  a rc  a p p a ra tu s , u s in g  s t a t i c  
and flow  system s, were o f s im ila r  design  to  th o se  c o n s tru c te d  by 
p rev ious w orkers, b u t were o p e ra ted  by d i f f e r e n t  e l e c t r i c a l  c i r c u i t s  
so th a t  th e  a rc  c h a r a c te r i s t i c s  cou ld  be c o n tro lle d . I t  was found 
th a t  .the com position o f  th e  gas produced could  be a l t e r e d  by changing 
th e  d u ra tio n  o f th e  a rc s .  The h ig h e s t c o n c e n tra tio n  o f a ce ty le n e  and 
p robab ly  th e  low est a ce ty le n e  homologues c o n c e n tra tio n  were produced 
from a rc s  o f th e  s h o r te s t  d u ra tio n  used ( - 0 .4  ms). I t  i s  though t 
th a t  improvements on th e  submerged a rc  systems op era ted  by p rev ious 
workers could  be made by ' t a i l o r i n g '  th e  a rc  c h a r a c te r i s t i c s  as done 
in  t h i s  work.
A ll th e  experim ents were made a t  approx im ate ly  atm ospheric  
p re s su re , bu t th e  p ro cess  tem pera tu re  used depended on th e  v is c o s i ty  
o f th e  fe e d s to c k . A nthracene o i l  cou ld  be p ro cessed  a t  a tem p era tu re  
l e s s  th an  100°C and c o n ce n tra tio n s  o f up to  36% v/ v  a c e ty le n e  and 
about Ifo e th y len e  in  th e  p ro cess  gas were ob ta ined  u sin g  a rc s  o f  th e  
s h o r te s t  d u ra tio n .
A range o f coal s o lu tio n s  c o n ta in in g  up to  25% w/w  c o a l substance  
e x tra c te d  w ith  an th racene  o i l ,  were p ro cessed  a t  a tem p era tu re  o f  240°C. 
The p ercen tage  o f a c e ty le n e  in  th e  p ro cess  gas decreased  from 34 to  
29% v/ v  w ith  in c re a se  in  c o a l c o n c e n tra tio n . The decrease  in a c e ty le n e  . 
c o n c e n tra tio n  was p o s s ib ly  concom itent w ith  an in c re a se  in  a c e ty le n e  
homologues.
A method o f  c a lc u la t in g  th e  energy consum ption was d ev ised ; f o r  
c o a l based  fe e d s to c k s , th e  energy consumption was about 7 kWh/kg o f 
a c e ty le n e , i . e .  approx im ately  tw o -th ird s  th a t  o f th e  c a rb id e  p ro c e ss .
Experim ents u s in g  phenanthrene and l iq u id  p a ra f f in  as fe e d s to c k s , 
h e lped  to  t e s t  assum ptions made in  e s tim a tin g  th e  maximum y ie ld  o f
ace ty le n e  when p ro cess in g  co a l p ro d u c ts , and in  comparing arom atic  and 
a l ip h a t ic  fe e d s to c k s . Chromatograms o f th e  feed sto ck s  b e fo re  and a f t e r  
p ro c e ss in g , in d ic a te d  th a t  only s o l id  ‘cracked  carbon ' and gas were 
formed.
The a l ip h a t ic  fe e d s to c k , l iq u id  p a r a f f in ,  produced a gas w ith  
6% v/ v  e th y len e  compared w ith  ~ 1% Y/ v  w ith  the arom atic  fe e d s to c k s ; 
th e  a ce ty le n e  c o n ce n tra tio n s  were s im ila r .  However, e s tim a te s  o f th e  
maximum y ie ld  o f a c e ty le n e , based  on the  gas an a ly ses were 56% w/w  
f o r  l iq u id  p a ra f f in  and 25% w/w  f o r  phenanthrene. Phenanthrene has a 
s im ila r  carbon/hydrogen r a t i o  to  c o a l p ro d u c ts , and th e re fo re  i t  i s  
though t u n lik e ly  th a t  y ie ld s  o f a ce ty le n e  g re a te r  th an  25% w/w  can be 
o b ta in ed  from  c o a l p ro d u c ts , o p e ra tin g  a t  atm ospheric p re s su re .
The la rg e  amount o f 'c rac k ed  carbon ' formed could  no t be sep a ra te d  
e f f i c i e n t ly  from th e  feed sto ck  and th e re fo re ,  could  no t be co n sid e red  
as a d e s ira b le  p roduct.
I t  seems u n lik e ly  th a t  th e  submerged a rc  p rocess cou ld  be economic 
in  th e  U nited  Kingdom a t  th e  p re se n t tim e s o le ly  as a means of producing 
a ce ty le n e  from co a l-b ased  fe e d s to c k s  even a t  th e  observed energy con­
sumption o f 7 kWh/kg o f a ce ty len e  because o f th e  low t o t a l  gas y ie ld s .  
However, i f  th e  p ro cess  i s  co n sid ered  as a means o f ’e n ric h in g  co a l 
s o lu tio n s  w ith  carbon and t h i s  p roduct i s  of v a lu e > w hile  a t  th e  same 
tim e producing ace ty len e  i t  cou ld  p o s s ib ly  f in d  some a p p l ic a t io n  in  th e  
c o a l in d u s try .
APPENDIX A
S tandard  Samples and th e  Oxygen E f fe c t
The prim ary s tan d a rd  used  fo r  c a lc u la t in g  abso lu te- f r e e  r a d ic a l  
c o n ce n tra tio n s  was 1, l -d ip h e n y l-2 -p ic ry l  hyd razy l (DPPH), a f r e e  
r a d ic a l  which has one u n p a ired  e le c tro n  p er m olecule. This amounts to  
a c o n c e n tra tio n  o f approx im ately  10^4 f r e e  r a d ic a ls /k g ,  th e  ex ac t con­
c e n tr a t io n  depending on th e  p u r i ty  of th e  DPPH. The f r e e  r a d ic a l  con­
c e n tr a t io n  o f DPPH i s  th u s  s e v e ra l  o rd ers  h ig h e r th an  c o a ls , th e re fo re
as th e  f r e e  r a d ic a ls  in  c o a l have been found to  be ex trem ely  s ta b le  i t  
i s  custom ary to  s e le c t  a  c o a l f o r  a secondary s tan d a rd .
A usten (1958) used a h igh  v i t r a i n  co a l (89% carbon) from th e  
V ic to r ia  seam o f th e  South G a re s f ie ld  C o llie ry  ( r e f e r r e d  to  as D13) 
ground to  pass a  72 B r i t i s h  S tandard  mesh s ie v e . Using DPPH as a 
prim ary s tan d a rd  he c a lc u la te d  a  c o n ce n tra tio n  o f 1 .7 4  x: 1022 f r e e  
r a d ic a ls /k g  f o r  t h i s  c o a l. The BCURA s t i l l  had s e v e ra l  hundred grams 
o f th e  D13 c o a l A usten used, so t h i s  was used as th e  s tan d a rd  c o a l f o r  
th e  ESR work d e sc rib e d  in  th i s  th e s i s .
The f r e e  r a d ic a l  c o n ce n tra tio n  o f th e  D13 co a l was checked on 
th e  BCURA sp ec tro m ete r a g a in s t  th a t  o f DPPH d i lu te d  w ith  pure fu sed  
s i l i c a .  Close agreem ent w ith  A u sten 's  value was o b ta in ed , th e re fo re  
h is  value o f  1 .74  x 10^2 f r e e  r a d ic a ls /k g  was used.
Open ended g la ss  tubes f i l l e d  to  a depth o f 25 mm w ith  D13 c o a l, 
which weighed about 35 mg, were used to  o b ta in  th e  s p e c tra  o f  th e  
s tan d a rd  c o a l. One o f  th e se  tu b es  was sea led  to  avo id  th e  danger of
s p i l la g e .  About a y e a r  l a t e r  t h i s  sample was used ag a in . I t  was
observed th a t  th e  l in e -w id th  A Hp-p o f th e  s p e c tra  was 2 .4  gau ss , 
le s s  than  h a l f  th e  o r ig in a l  v a lu e . The peak -to -p eak  h e ig h t o f th e  
spectrum  was about 75 mm.
On opening th e  sample to  th e  a i r ,  th e  lin e -w id th  in c re a se d  
im m ediately and th e  peak -to -p eak  decreased . W ithin  10 m inutes A Hp-p 
had re tu rn e d  to  i t s  o r ig in a l  value o f 5 .4  gauss and th e  p eak -to -p eak  
h e ig h t had f a l l e n  to  42 mm. The sample was th en  ev acua ted  o v e rn ig h t 
and re - s e a le d . F u r th e r  sp e c tra  were drawn and i t  was found th a t  
A Hp-p had re tu rn e d  to  2 .4  gauss and th e  p eak -to -p eak  h e ig h t to  
75 mm.
A nother sample o f a s im ila r  rank  c o a l (89% carbon) was found 
th a t  had a lso  been se a le d  in  a i r  f o r  about a  y e a r . The above e x p e r i­
ments were re p ea ted  w ith  th e  same r e s u l t s .  The f i r s t  d e r iv a t iv e
sp e c tra  reco rded  in  a i r  and in  vacuo a re  shown in  F ig . 32.
The reason  fo r  th e  above behav iou r was undoubtedly due to  the  
'oxygen e f f e c t ' ;  du ring  th e  y e a r  th e  sample tubes were se a le d  th e  
co a l must have chem ically  re a c te d  w ith  th e  sm all q u a n tity  o f oxygen 
above i t .  P rev ious workers d id  no t observe th e  'oxygen e f f e c t '  f o r  
c o a ls  below about 91% carbon (Ladner and W heatley 1965)•
I t  i s  p o ss ib le  th a t  the  above o b serv a tio n s  cou ld  be used to  
study th e  slow atm ospheric o x id a tio n  and th e  u l t r a - f i n e  pore s t r u c ­
tu re  o f c o a ls . I f  a co a l was sea le d  in  a i r  o r known c o n c e n tra tio n s  
o f oxygen, th e  r a te  o f chem ical re a c t io n  cou ld  be fo llow ed  by th e  
narrow ing o f  AHp-p o r th e  len g th en in g  o f  th e  p eak -to -p eak  h e ig h t o f 
the  ESR spectrum . The broadening  of th e  spectrum  on opening a sample 
in  vacuo (o r  non-param agnetic gas) to  a i r  (o r  known c o n c e n tra tio n s  o f 
oxygen) occurs very  q u ick ly . However, i f  th e  spectrum  was d isp lay ed  
on an o s c il lo sc o p e  th e  changes cou ld  be fo llow ed  by h ig h  speed 
photography.
An open ended g la s s  tube  o f D13 co a l was used as a s ta n d a rd  f o r  
th e  work d e sc rib e d  in  P a r t  I  o f t h i s  th e s i s .  The sp e c tra  o f t h i s  c o a l 
when recorded  in  a i r  i s  shown in  P ig . 33. The A H i/A  Hp-p r a t io ,  was 
1 .7 2 , which approxim ately  corresponds to  a L o ren tz ian  d i s t r ib u t io n .
---------  In  vacuo
In  a i r
40 gauss
The superim posed f i r s t  d e r iv a tiv e  s p e c tra  
o f an 89% carbon co n ten t co a l reco rded  in  
a i r  and in  vacuo.
A bsorption spectrum
F i r s t  d e r iv a t iv e  spectrum
ifO gauss
F ig . 33 S pec tra  o f D13 c o a l reco rded  in  a i r .
APPENDIX B
The E f fe c t of P a r t i c l e  S ize  on Line Shape
One o f  th e  p re lim in a ry  in v e s t ig a t io n s  in  th e  ESR study  o f co a ls  
and ch ars  was th e  e f f e c t  of p a r t i c l e  s iz e  on th e  spectrum . A h igh  
v i t r a i n  c o n te n t, CRC 802 c o a l, (83 . &fo carbon) from th e  P rin ce  of Wales 
C o llie ry  was used f o r  t h i s  in v e s t ig a t io n  as a number o f s iz e d  p a r t i c l e  
samples were a v a i la b le .  The f i r s t - d e r iv a t iv e  s p e c tra  o f th e  samples 
in  a i r  were reco rded  and th e  peak -to -p eak  lin e -w id th s  ( AHp-p) 
measured. AHp-p was found to  decrease  w ith  d ecrease  in  p a r t i c l e  
s iz e .  The r e s u l t s  a re  g iven  below:
P a r t i c le
S ize
(micron)
A Hp-p 
(gauss)
10 5.25
13 5 .7 6
43 7.16
90 7.60
-104 + 76 7 .60
-72 B .S. 
mesh s iev e 6.45
The BCURA ESR sp ec tro m ete r was not f i t t e d  w ith  an in te g r a to r  a t  
t h i s  tim e b u t Dr. P. E l l i o t t  k in d ly  recorded  in te g ra te d  s p e c tra  o f th e  
15 and 90 :m samples on th e  Guy's H o sp ita l sp ec tro m ete r. The r a t io s  
A H l/A H p-p were determ ined and found to  be 1 .82  and 1 .39  re s p e c t iv e ly .  
•T herefore , th e  shape o f th e  spectrum  o f  t h i s  co a l when reco rd ed  in  an 
atm osphere o f a i r  depends on th e  p a r t i c l e  s iz e .
The sm a lle r the  p a r t i c l e  s iz e ,  th e  g re a te r  th e  su rfa ce  a re a  
a c c e s s ib le  to  oxygen and th e  'oxygen e f f e c t '  i s  probably  re sp o n s ib le  
f o r  th e  changes in  l in e  shape w ith  p a r t i c l e  s iz e .  The A H i/  A Hp-p 
r a t i o  in c re a se s  as th e  a re a  under th e  'w in g s ' o f th e  ab so rp tio n  spec­
trum  in c re a s e s . I t  i s  p o s s ib le  th a t  T^ re la x a t io n  cou ld  cause some 
f r e e  r a d ic a l  components to  be p r e f e r e n t i a l ly  broadened so a l t e r in g  th e
l in e  shape in  th e  manner observed.
The product o f th e  peak -to -p eak  h e ig h t and (A H p-p)^ f o r  d e te r ­
m ining f re e  r a d ic a l  c o n ce n tra tio n  i s  only v a l id  i f  th e  l in e  shapes o f 
th e  unknown and th e  s tan d a rd  a re  th e  same. The D13 c o a l s tan d a rd  
(Appendix A) has a A H i/  A Hp-p r a t i o  o f 1 .72 when th e  spectrum  i s  
drawn in  a i r ,  which i s  approx im ately  a L o ren tz ian  d i s t r ib u t io n .
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(1) Introduction
In non-ionic (covalent) compounds and in diamagnetic elements the orbital 
electrons occur in pairs whose spins cancel one another, and the molecule or 
atom has no permanent magnetic moment arising from electron spin. Elec­
tron spin resonance (ESR) concerns the behaviour of unpaired electrons under 
the action of an applied magnetic field. The presence of unpaired electrons 
gives rise to a permanent electron magnetic moment and therefore substances 
containing unpaired electrons are paramagnetic. For this reason the pheno­
menon is sometimes referred to as electron paramagnetic resonance (EPR). 
ESR is in many ways analogous to nuclear magnetic resonance (NMR) which 
has been discussed in an earlier Review (Brown 1956). However, the electron 
magnetic moment is approximately 660 times as great as the proton magnetic 
moment ; therefore for the same applied magnetic field, ESR requires a corres­
pondingly higher frequency. NM R is generally observed in the radiowave 
and ESR in the microwave region of the electromagnetic spectrum.
This Review presents a simple account of ESR and outlines the experi­
mental apparatus required for detecting unpaired electrons. The bulk of the 
Review deals with ESR measurements made on coals and chars ; it does not 
include work on the ESR of carbons.
The unpaired electrons in coals and chars are present in systems known as 
free radicals and therefore this Review is mainly concerned with the ESR of free 
radicals. A free radical may be generally defined (Ingram 1958) as a molecule, 
or part of a molecule, in which the normal chemical bonding has been modified 
so that an unpaired electron is left associated with the system. That is, in 
free radicals the unpaired electron moves in molecular rather than atomic 
orbitals. The paramagnetic transition metal ions which have unpaired elec­
trons in incompletely filled atomic orbitals, e.g. the manganous ion M n2+ which 
has five unpaired electrons, also show pronounced ESR absorption. How­
ever, these do not come under the definition of free radicals, neither do the 
naturally-occurring paramagnetic gases, e.g. oxygen and nitric oxide.
Stable free radicals have been shown to occur in such materials as soot, 
living tissue and dried leaves as well as in coal and char ; they can also be 
produced in many organic materials including biological materials, by high- 
energy irradiation. Highly reactive unpaired electron systems have also been 
studied by ESR. For example, hydrogen and oxygen atom concentrations in 
flames have been measured (Westenburg & Fristrom 1964), and Thomas (1962) 
has examined intermediate combustion products, trapping them at low tem­
perature. From  a study of the nature of the ESR absorption spectrum (usually 
a plot of microwave energy absorbed at a definite frequency against the strength r 
of the applied magnetic field) information can be obtained about the number and 
the environment of the unpaired electrons. The area under the absorption 
curve is directly proportional to the number of unpaired electrons in the sample 
investigated. Consequently relative free radical concentration measurements 
can easily be made, especially since coals contain a large number of free radicals 
—approximately 1 unpaired electron per 2000 carbon atoms but depending on 
rank. The strength of the applied magnetic field at which resonance occurs 
relative to the fixed frequency can indicate whether the unpaired electrons are 
present in free radicals or, for example, in transition metal ions. In certain 
cases an ESR spectrum of resolved fine structure can be obtained, i.e. a spectrum
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containing a number of separate lines. Such a spectrum can yield detailed 
information about the structure of the species containing the unpaired electron. 
Generally, however, a broad line spectrum is obtained (as with coal) and, although 
no detailed information about the structure of the sample can be deduced, 
the shape of the spectrum can yield useful structural information. Apart from 
the ESR parameters described above, others such as relaxation times, and 
phenomena affecting the ESR signal such as the oxygen effect, can also yield 
information about chemical and physical structure. The processes of coalifica- 
tion and carbonisation have been studied by ESR techniques and attempts have 
been made to correlate the results with those obtained by chemical and other 
physical methods.
(2) Theory of ESR
(2T) General Principles
The general principles of ESR have been fully described by Ingram (1956a, 
1958). In a simplified picture unpaired electrons can be considered to behave 
as minute magnets which are randomly orientated. In the presence of a 
strong applied magnetic field these magnets re-orientate into one or other of
(b)
Mj  = +  72  
High energy position
In  s |
Is n !
M j =  -  ' / i  
Low energy posit ion
(a)
E n e r g y
In tensity
of
absorption
Applied m ag n e t ic  f ield H
(c)
Fig. 1.
(a) Unpaired Electrons represented as Magnets in the Two Allowed Energy
Positions when under the Influence o f  a Strong Magnetic Field.
(b) AE Increases Proportionally with Increase o f  Strength o f  the Applied
Magnetic Field H.
(c) An ESR Absorption Spectrum shown as a Plot o f  Intensity o f  Absorption
against Applied Magnetic Field Strength.
The absorption occurs at a magnetic field strength corresponding to the AE shown in Fig. 1(b).
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two allowed positions or energy levels (spin quantum numbers M s= - \ - \  and 
M s——\)  as shown diagrammatically in Fig. la . The difference in energy
(A jB) between these two energy levels is proportional to the strength of the
applied magnetic field (H ), as shown diagrammatically in Fig. lb .
&E =  g ? ,H ................... .................................  (.7)
where g  is the spectroscopic splitting factor and (3 is the Bohr magneton. There­
fore, for a given strength o f applied magnetic field, quanta of energy can only 
be absorbed by the unpaired electrons when electromagnetic radiation is sup­
plied at a frequency v, known as the Larmor frequency, where v is determined 
by the equation
AE — /zv ..................................................  (2)
and h is Planck’s constant.
From Equations 1 and 2
hv =  g$H  ................................................  (3)
For an applied magnetic field o f 3570 gauss, a magnetic field strength commonly 
employed in ESR, the Larmor frequency is approximately 1010 c/s and is 
equivalent to a  wavelength of approximately 3 cm, i.e. in the microwave region 
of the electromagnetic spectrum.
In an ESR experiment the number of multiples of AE  absorbed is measured, 
producing an ESR absorption spectrum, as shown in Fig. lc. Both upward 
and downward transitions are equally probable and therefore the intensity of 
the signal depends on the excess number of unpaired electrons in the lower 
energy level, which for a given temperature is always the same proportion of the 
total number of unpaired electrons (Boltzmann distribution).
The tendency for the unpaired electrons to re-orientate to the lower energy 
level is opposed by thermal motion. At thermal equilibrium the ratio o f the 
number of unpaired electrons in the upper energy level («x) to the number of 
unpaired electrons in the lower energy level (n2) can be calculated from the 
Maxwell-Boltzmann distribution equation.
«! =  e- A  E / k T ............................................ {4)
«2
where k  is the Boltzmann constant and T  is the absolute temperature. The 
excess number of unpaired electrons in the lower energy level increases with 
increase in the applied magnetic field (since AE  increases) and with decrease 
in temperature. If  energy at the Larmor frequency is to be continuously 
absorbed by the unpaired electrons, the excess number of unpaired electrons 
in the lower energy level must be maintained. If  the Boltzmann distribution 
is not maintained and the populations in the energy levels tend to equate, the 
intensity of the absorption signal decreases ; this phenomenon is called satura­
tion. The processes by which the unpaired electrons in the upper energy level 
transfer energy are called relaxation processes and these will be discussed in 
Section (2-3).
So far only the isolated unpaired electron has been considered which gives 
rise to electron spin angular momentum (51). However, there are two addi­
tional phenomena that can contribute to the resultant electron magnetic moment; 
these are orbital angular momentum (L) and nuclear spin angular momentum 
(7). The spectroscopic splitting factor (g) is a measure of the coupling of the
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spin and orbital angular moments. The value of g  indicates the type of system 
containing the unpaired electron. In many solids the coupling of the orbital 
and electron spin momenta is broken down almost completely by the strong 
internal electric fields. ESR then measures the free spins of the unpaired 
electrons. For the completely free electron g=2-0023 and in most free radicals 
g  lies very close to this value in the range 2-002—2-004.
(2-2) Hyperfine Interaction
If  the substance under investigation contains atoms with nuclear spin momentum 
(7), such as H, N 14 and C l35, then hyperfine structure is possible. For example, 
under the influence of the strong applied magnetic field, a proton, which has a 
nuclear spin momentum 1 = \ ,  will be orientated into 2 energy states (quantum 
numbers and M j=  —£). The energy-level diagram for an unpaired
electron whose orbit embraces a proton is shown in Fig. 2a. The original
2 m1=- 4 Ws=+Vj
— K ”Enerqy
A HOriq in o l  e lec tro nic 
/ level s
In te n s it y
absorp t io n
Fig. 2.
(a) An Energy Level Diagram showing the Splitting o f  Electronic Energy Levels 
by Interaction with One Proton.
(b) The Corresponding ESR Absorption Spectrum.
electronic levels of Fig. lb , which are shown dotted, are each split into two 
levels by the quantised magnetic moment of the proton. The unpaired electron 
will now experience a magnetic field that is slightly greater or slightly less than 
the applied field. On irradiation o f the unpaired electron at the resonance 
frequency v, orientation of the electron will occur without affecting the orienta­
tion of the nucleus. Therefore by varying the strength of the applied magnetic 
field two absorption lines of equal intensity will be observed at H 1 and H z as
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shown in Fig. 2b. Their positions are determined by the equations given 
below :
k» =  & H x +  \A  
hv=gPH 2-%A 
where A is the hyperfine coupling constant.
(5)
(<9
i.e. (7)
Two types of interaction between the unpaired electrons and nuclear magnetic 
moments are possible : dipole or anisotropic interaction where the hyperfine 
coupling constant A is orientation-dependent, and contact or isotropic inter­
action where A  is independent of orientation.
In the solid state, hyperfine structure can be obtained from single crystals, 
the spectrum being dependent on the orientation of the crystal. With poly- 
crystalline or amorphous material the spectrum will be smeared out to a single 
broad line, since the hyperfine interactions due to dipolar forces, which are 
direction-dependent, will be randomly orientated.
In the liquid state molecular motion averages the dipolar interactions to 
zero ; but the contact interaction, which is due to the finite density of the 
unpaired electrons (in terms of wave mechanics) at the position of the proton, 
is not averaged out and hyperfine structure is again possible.
Thus, from studies of hyperfine structure, the orbit of the unpaired elec­
trons, and frequently useful information about the structure of the substance 
containing the unpaired electron, can be determined. But if the free radicals 
are not sufficiently dilute for the hyperfine structure to be resolved, or if the 
hyperfine interactions are numerous and complex, then the ESR spectrum 
consists of a broad line.
(2-3) Line Width and Relaxation
It can be seen from the previous section that hyperfine structure can only be 
observed in favourable conditions and therefore detailed information on the 
structure of the free radical is often unattainable. However, the shape of a 
broad line ESR spectrum can also reveal much useful information. For 
example, the area under the absorption curve is directly proportional to the 
number of free radicals in the sample.
A convenient parameter of the broad line ESR absorption spectrum is the 
line width of the spectrum, which is generally measured either as the width at 
half height ( AH^) or the width at the points of maximum slope ( A //^ ) . The 
most important factors determining AHx or i±Hp.p are hyperfine interactions 
(discussed in the preceding section), spin-lattice interaction, spin-spin inter­
action and exchange interaction. The processes involved are complex and 
only a general outline will be given here. Detailed accounts can be found in a 
book by Ingram (1958) and in a review by Wertz (1955).
Spin-lattice interaction enables the magnetic energy, which has been 
absorbed by the unpaired electrons during the ESR experiment, to be converted 
into thermal energy. The speed at which the magnetic energy is converted into 
thermal energy is extremely important and is characterised by a spin-lattice 
relaxation time (7\). If  this conversion is slow then the number of unpaired 
electrons in the two energy levels tends to equate and the intensity of the ESR 
spectrum decreases with increasing microwave power, i.e. saturation is occur­
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ring. If  this conversion is fast then the lifetime of the unpaired electrons in 
the upper energy level is short and a broad spectral line results (uncertainty 
principle, see Equation 8). Spin-lattice relaxation time is thus a measure of 
the rate at which the system of unpaired electrons reaches thermal equilibrium. 
Tj is defined as the time taken for the unpaired electron to lose 1je  of its excess 
energy. There are several processes which contribute to Tx ; the most im­
portant is spin-orbit coupling which gives rise to very short T1 times. Con­
sequently, many transition metals, especially the rare earths, have lines which 
are often too broad to measure ; values of Tx smaller than about 10'7 s broaden 
the absorption line. However, Tx is temperature-dependent and by reducing 
the temperature of measurement Tx line-broadening can be eliminated. Gener­
ally free radicals have large values of Tx and often precautions have to be taken 
to prevent saturation.
Spin-spin interaction takes two forms. The first is a purely magnetic 
effect, involving the local magnetic fields of neighbouring unpaired electrons. 
If the neighbouring unpaired electrons are sufficiently close the effective homo­
geneity of the applied magnetic field is reduced, and unless Brownian motion 
cancels out the effect of the local magnetic fields the line width will be increased. 
The second form of spin-spin broadening occurs when an unpaired electron 
returns to the lower energy level by transferring its excess energy to a neigh­
bouring unpaired electron, so promoting it to the upper energy level. There 
is no net change in magnetic energy but the life-time of a particular unpaired 
electron in the upper energy state is reduced, which can result in line broaden­
ing. Both forms of spin-spin interaction are dependent on the distance between 
neighbouring unpaired electrons and are therefore characterised by a single 
spin-spin relaxation time, T 2. If  two unpaired electrons are separated by 10 A, 
calculation shows that T2 will lead to a value of approximately 10 gauss 
but the exact value of AHx depends on the environment of the unpaired elec­
trons. T2 differs from Tx in that it is not temperature-dependent.
Exchange interaction occurs when the freedom of movement o f the un­
paired electron is not restricted to a particular radical. This exchange is 
analogous to the exchange of protons between water and, for example, acetic 
acid. The effect is to average out the local magnetic fields of neighbouring 
unpaired electrons and to reduce the line width, but, as the area under the 
absorption curve cannot alter, the intensity of the signal in the ‘ wings ’ is
In tens ity
  A H ( p - p )  ------------
Line  width a t  maximum s lope
----------------  A H l / 2 -----------------
Li ne  w id th  a t  half  heiqhf
“  Winqs ”
Fig. 3.
Two Absorption Line Shapes commonly found in ESR. 
{a) Gaussian {no exchange interaction).
{b) Lorentzian {exchange interaction).
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increased. A line narrowed by ‘ exchange ’ is characterised by a Lorentzian 
line shape, which is shown in Fig. 3 together with another common line shape 
found in ESR when ‘ exchange’ is absent, the Gaussian line shape.
The life-time processes described in this section are related to the line 
width of the ESR spectrum by the Heisenberg uncertainty principle, as applied 
to the conjugate quantities energy and time
AE. At ~ h  .............................................   (5)
If the time spent by an unpaired electron in a discrete energy level is very 
small then there will be an uncertainty in the quantum of energy absorbed. As 
the energy quantum is directly related to frequency by Planck’s equation 
(Equation 2), there will be an uncertainty in the absorption frequency which 
results in a line width equivalent to approximately 1/At c/s.
(3) Experimental Methods
In this section the basic principles of ESR spectrometers are described. Only 
the most important microwave components are included and for further details 
of ESR spectrometers the reader is recommended to consult the books by 
Ingram (1956a and 1958).
From Equation 3 it can be seen that an ESR spectrum can be obtained 
either by varying the magnetic field at constant frequency or by varying the 
frequency at constant magnetic field. Practically, it is easier to work at constant 
frequency and to vary the strength of the applied magnetic field. Three main 
frequency bands are in general use ; 3 cm (X band), 1-25 cm (K band) and 
8 mm (Q band). The X band corresponds to a convenient magnetic field 
strength (approximately 3500 gauss) and a suitable sample size and therefore 
most spectrometers work in this frequency region. The Q band corresponds 
to a higher magnetic field strength and is therefore more sensitive, but the 8 mm 
waveguide that is needed limits the size of the sample that can be investigated 
with this kind of spectrometer.
The essential components of an ESR spectrometer are :
A. Magnet
A  highly homogeneous magnetic field is usually provided by an electro­
magnet, although in some applications, for example with coals, a permanent 
magnet with auxiliary sweep coils may be used. The magnet gap must be large 
enough to accommodate the resonance cavity and, if measurements are required 
at low temperature, a Dewar vessel.
B. Klystron
The most commonly used source of microwave power is the klystron valve, 
which employs a tuneable cavity and produces stable monochromatic radiation.
C. Waveguide
As the microwave region of the electromagnetic spectrum is intermediate 
between the infra-red region and the radio wave region, it is necessary to use 
waveguide to transmit the output from the klystron to the various parts of the 
microwave circuit. Waveguide used in ESR work normally consists of metal 
tubing of accurate rectangular cross-section.
D. Resonance Cavity
The sample has to be held in the region of maximum microwave magnetic 
field as well as in the strong applied magnetic field, and these two fields have
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to be perpendicular to one another. Figure 4 shows the magnetic and electric 
fields in a typical transmission cavity resonator. The power entering and 
leaving the cavity resonator is controlled by the size of the ‘ coupling holes’.
coupling
Iris  
^  coup li nq  
h o le
- —  ■ > — Moqneti c  f ield 
 >  E le c t r ic  f ield
Fig. 4.
A Transmission Cavity Resonator showing Mutually Perpendicular Magnetic and
Electric Fields.
The ability of the cavity resonator to concentrate power is measured by its 
* ^  * factor
5 where O — an§u a^r frecluency X energy stored 
— power loss
The value of Q, which can be as high as 10 000, is an important factor governing 
the sensitivity of the spectrometer.
E. Detector
Detection of the microwaves is usually carried out with a silicon crystal 
mounted in contact with tungsten wire, which converts power at the microwave 
frequency into intermediate or d.c. power.
F. Display
In the simplest method of display, crystal video display, the field H  is 
“ swept ” backwards and forwards, at a low frequency, usually 50 c/s, the 
amplitude of the field sweep being sufficient to embrace the complete absorption 
curve. The amplified output for the crystal detector is fed to the Y plates of an 
oscilloscope whose time base is synchronised with the sweep frequency. In 
this way the absorption curve is displayed on an oscilloscope and may be photo­
graphed to give a permanent record.
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The Essential ESR Components in a Simplified Transmission Spectrometer.
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A diagram showing the arrangement of the microwave components in an 
ESR spectrometer is shown in Fig. 5. This spectrometer works on a straight­
forward transmission principle. Microwave power, which is generated by the 
klystron, passes along the waveguide and into the cavity resonator, which holds 
the sample. The level of microwave power leaving the cavity is measured by 
the crystal detector. When the applied magnetic field strength reaches the value 
required to satisfy the resonance condition, the sample absorbs microwave 
power and consequently the crystal receives less power. This change in micro­
wave power is observed on the oscilloscope as a plot of crystal output against 
the strength of the applied magnetic field.
The main disadvantage of the transmission system is the electronic in­
efficiency of observing a small change in power at a high level of power incident 
on the crystal. An alternative is to observe an increase in power at a low level
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Fig. 6.
Simplified ‘ Balanced Bridge ’ ESR Spectrometer.
of microwave power as in the balanced bridge circuit shown in Fig. 6. Micro­
wave power from the klystron passes down the waveguide (arm 1) and at the 
centre of the bridge the power is divided so that, if arms 2 and 3 are perfectly 
matched, no power is fed into arm 4. To obtain optimum sensitivity of the 
crystal detector, it is necessary for the power entering arm 2 to be not quite 
matched by that in arm 3, so that the bridge is not perfectly balanced and a small 
and constant amount of power is fed down arm 4 to the crystal. The cavity 
has only one coupling hole and the power received from the klystron is reflected 
back through this hole. At resonance, microwave power is absorbed in the 
cavity so that the bridge is further unbalanced ; this results in additional micro­
wave power being fed into arm 4 to increase the crystal output signal.
Although the crystal video method of display has the advantages of sim­
plicity and speed and displays the absorption curve directly, it is only suitable
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for detecting strong ESR absorption. Greater sensitivity is obtained by an 
alternative method of display, phase-sensitive detection. In this method the 
applied magnetic field is modulated at a much higher frequency (100 kc/s is 
commonly used), the amplitude of the modulation being less than half the width 
of the absorption line. Simultaneously, the applied magnetic field is swept 
linearly at a slow rate (one cycle taking several minutes) and in this way the first
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Fig. 7.
The First Derivative o f  an Absorption Curve produced by modulating the Applied 
Magnetic Field (H ) at an Amplitude (Hm) o f  Less than H alf the Line Width.
derivative of the absorption curve is obtained as shown in Fig. 7. The phase- 
sensitive detector produces a d.c. signal which is amplified and fed to a pen 
recorder.
There is a tendency for the frequency emitted by the klystron to drift, 
and this will result in an inaccurate spectrum, particularly when the time taken 
to draw the complete spectrum is several minutes. However, frequency drift 
can be overcome by using automatic frequency control whereby an error signal 
derived from the cavity resonator is fed to the klystron.
Superheterodyne detection is an alternative method of detection particu­
larly suitable for cases where it is difficult to obtain high-frequency modulation 
of the sample or where relaxation times make modulation undesirable. A 
second klystron oscillator is used and amplification is carried out at an inter­
mediate frequency in the Mc/s range, which is the difference in frequency be­
tween the two klystrons. This method gives similar sensitivity to phase- 
sensitive detection at 100 kc/s.
When quoting the sensitivity of an ESR spectrometer the instrumental 
conditions of measurement, the nature of the sample and its physical state 
should be quoted. However, with a spectrometer incorporating either high- 
frequency modulation or superheterodyne detection about 1011 free radicals/g 
in a sample containing the standard substance diphenylpicrylhydrazyl can be 
measured.
As the free radical concentration of a sample is directly proportional to 
the area under the absorption spectrum, relative concentrations of free radicals 
are easily measured, especially for coals as they contain high concentrations
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of free radicals. The crystal video method is particularly suitable, since the 
absorption spectrum can be directly displayed on an oscilloscope. To cal­
culate relative concentrations from the first derivative spectra (Fig. 7) obtained 
by the phase-sensitive detection method, the product of peak-to-peak height and 
peak-to-peak width squared may be used since, provided that the lines are of the 
same shape, this product is proportional to the area under the absorption curve. 
Alternatively, the first derivative signal from the phase-sensitive detector can 
be integrated and displayed as the absorption spectrum on a d.c. recorder. 
Integration is essential if the line shapes of the samples under comparison are 
different.
For absolute concentration measurements a standard of known free radical 
content is required. Diphenylpicrylhydrazyl (DPPH) is often used as it is a 
stable free radical with one unpaired electron per molecule, which amounts to 
1021 free radicals/g. However, the very high free radical concentration of 
DPPH, approximately 100 times that of coal, necessitates either dilution of the 
DPPH with a diamagnetic substance or the use of an accurately calibrated 
attenuator. Austen (1958) estimated that his absolute free radical concentration 
measurements on coals were accurate to ±  20 %.
When determinations of free radical concentration are made, the micro­
wave power should be varied to check for saturation, since spin-lattice relaxation 
is often slow in free radicals. Smidt (1958) found that for coals of less than 
88 % carbon content there was a possibility of saturation which, if not allowed 
for, would cause the measured free radical concentration to be too low.
(4) Coals
ESR spectra of coals and chars were first obtained in 1954 by three independent 
groups of workers (Ingram, Tapley, Jackson, Bond & Murnaghan 1954 ; 
Uebersfeld, fitienne & Combrisson 1954 ; Commoner, Townsend & Pake 
1954). It was concluded (van Gerven, van Itterbeek & de Wolf 1956 ; Austen, 
Ingram & Tapley 1958) that the spectra were derived from free radicals 
in the coals and chars because in all cases the spectroscopic splitting factor (g) 
was approximately 2 and the intensity of the ESR signal increased with decrease 
in temperature as required by Curie’s law (paramagnetic susceptibility is 
inversely proportional to the absolute temperature). The free radical concen­
tration in coals is about 1019/g but varies with the degree of coalification. No 
hyperfine structure has been observed so that detailed information about the 
structure of the free radicals in coals and chars cannot be deduced. However, 
free radical concentrations, line widths and other ESR parameters have been 
measured under a variety of conditions and attempts have been made to relate 
these to other physical and chemical properties of coals and chars.
Much of the information described in this section is recorded in detail in 
the theses of Austen (1958) and Smidt (1960) but, where possible, references are 
given to papers published in more easily accessible journals.
(4*1) Effects due to Rank
(4-1-1) Free radical concentration.—Many workers have investigated 
the variation of free radical concentration with rank of coal (mainly highly- 
vitrainous coals). Among the most important papers are those by Austen & 
Ingram (1958a), Galkin & Kichigin (1958), Honda, Chitoku & Higasi (1958),
212
Smidt & van Krevelen (1959) and Losev & Bylyna (1959). Although there 
are slight differences in the absolute concentrations reported (except for 
the results of the Russian workers Galkin & Kichigin (1958) and Losev & 
Bylyna (1959), which are an order of magnitude lower), the relative values are 
in good agreement. Figure 8 shows the values, obtained by several independent
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Variation o f  Free Radical Concentration with Percentage Carbon fo r  Highly
Vitrainous Coals.
Austen & Ingram (1958a) ; Smidt & van Krevelen (1959) ;
Ladner & Wheatley (1964, unpublished B.C.U.R.A. work).
workers, of free radical concentration plotted against carbon content for samples 
tested in air and in vacuo. The free radical concentration in air rises exponen­
tially (Austen, Ingram & Tapley 1958) to a maximum at 94% carbon. When 
the samples are tested in vacuo there is a marked increase in the maximum free 
radical concentration. This increase is due to the removal of oxygen from 
the surface of the coal and the reduction in air is called the oxygen effect ; 
this will be discussed later in Section (4-5).
Free radicals can be formed as a result of homolytic fission or by unsatisfied 
valencies produced during ring formation but these will be short-lived unless 
they are stabilised in some way. The high delocalisation energy associated 
with the aromatic ring clusters in coal can provide the necessary stabilisation. 
During coalification non-aromatic structures are progressively lost and a corres­
ponding increase in the number and size of aromatic ring clusters occurs. Conse­
quently, as the size and number of aromatic ring clusters increase, so does the
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capacity of the coal to accommodate stable unpaired electrons. Austen (1958) 
and Smidt & van Krevelen (1959) have found good correlation between the 
slopes of the curves of the size of the aromatic ring clusters and the free radical 
concentration, both plotted against percentage carbon content. This is in
accordance with but does not by itself prove the hypothesis.
However, with coals of carbon content greater than about 94% the free 
radical concentration decreases rapidly with rank increase. This decrease 
occurs in the region of the anthracitic coals where coals begin to show a marked 
increase in the electrical conductivity with increase in carbon content (Schuyer 
& van Krevelen 1955). It is feasible that the increasing size of the aromatic 
ring clusters, which occurs with increasing rank, eventually makes it possible 
for the unpaired electrons which constitute the free radical concentration to 
move freely from molecule to molecule, so losing their identity with any parti­
cular molecule. It is not clear whether the unpaired electrons then pair 
to form chemical bonds or become part of the conduction band. In neither
case will a signal be obtained ; conduction electrons are not observed under the 
normal ESR experimental conditions for measuring free radicals.
(4-1-2) Line width.—As previously stated, a convenient parameter of the 
broad line ESR spectrum is the width of the absorption signal at half-height 
( AH±). A graph of AH± versus carbon content for highly-vitrainous coals is 
shown in Fig. 9. Most coals have a AHx value of about 10 gauss which 
constitutes a relatively broad line. This broad line has been attributed mainly 
to hyperfine interactions between the unpaired electrons and the hydrogen 
nuclei in the coal (Austen, Ingram & Tapley 1958 ; Garifyanov & Aksel’rod
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Variation o f  AHx with Percentage Carbon fo r  Highly-Vitrainous Coals. 
Austen (1958) ; Smidt (1960).
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1959). No hyperfine structure can be expected because of the complexity 
of coal structure. To account for the observed line width it is assumed that 
the unpaired electrons are in delocalised orbits and that the nuclei of both the 
aliphatic and the aromatic hydrogen atoms interact with the unpaired electrons. 
The decrease in line width above 90% carbon is attributed to the decrease in 
total hydrogen content and the consequent decrease in the complexity of the 
hyperfine interactions.
In general, stable free radicals have short spin-spin relaxation times (T2) 
owing to the mobility of the unpaired electrons in delocalised orbits. However, 
in coals free radical concentrations are such that below 85% carbon T2 relaxa­
tion theoretically contributes only 1*5 gauss to the observed line width. As 
the size of the aromatic ring clusters increases, T2 relaxation becomes an in­
creasingly important factor affecting the line width, and Austen (1958) calcu­
lated that by 95 % carbon the theoretical line width due to T2 relaxation would be 
25 gauss. However, the closer the molecules containing unpaired electrons 
come together, the greater the probability that exchange narrowing can occur. 
Thus it is difficult to predict what contributions the opposing effects of T2 
relaxation and exchange narrowing will make to the value of A/A. Austen 
(1958) considered T2 relaxation responsible for A7A values at about 93-5% 
carbon that are a little above those expected from the decrease in total hydrogen 
content, but the fact that the AH± values are much lower than predicted by T 2 
relaxation can only be explained by exchange narrowing. Exchange narrowing 
has been confirmed for a Kuzbas anthracite (Garifyanov & Kozyrev 1956a) 
but none has been detected in low-rank coals (Garifyanov & Aksel’rod 1959).
From saturation measurements Smidt (1958) calculated spin-lattice 
relaxation times (7^) for a wide range of vitrains. His graphs of Tx versus
100
» 8 0
i b o
j 4 0
x In vacuo
1008 0
°!o Carbon
9 07 0
Fig. 10.
Variation o f  Spin-Lattice Relaxation Time (T^) with Percentage Carbon fo r  
Highly-Vitrainous Coals measured in Air and in vacuo.
Smidt & van Krevelen (1959).
carbon content in air and in vacuo are shown in Fig. 10. Tx relaxation times are re­
latively long for low-rank bituminous coals and, even though Tx decreases rapidly 
with rank increase, a coal of 94 % carbon still has a Tx value of about 10‘5 s. Tx 
is related to its contribution to A H i by the uncertainty principle (see Section 2-3)
arid a time of 10'5s corresponds to a theoretical A o f  only 10‘2 gauss. 
Consequently, Tx relaxatiori does not contribute significantly to the A/A 
of coals up to about 94 % carbon. Tx relaxation begins to affect the line width 
when a time of 10‘7 s is reached and a time of 10'8 s corresponds to a A/A 
value of more than 30 gauss. From  Fig. 10 it can be seen that above 96 % carbon 
Tx values of 10'7 s or less can be expected ; Garifyanov & Kozyrev (1956b) 
measured a Tx value of 1*2 x  10'7 s for a Kuzbas anthracite. Thus spin-lattice 
relaxation has been put forward to explain the rapid rise in A/A for 96 %- 
carbon vitrains. Interaction between the unpaired electrons and the conduc­
tion band, which becomes evident at these carbon contents, is responsible for 
the increase in the ease of spin-lattice relaxation.
(4*2) Macerals
Although most of the ESR studies on coals have been made on highly-vitrainous 
coals, some maceral concentrates have been investigated (Austen 1958 ; Kroger 
1958 ; Smidt 1960 ; de Ruiter & Tschamler 1961a). There is general agreement 
that the inertinites (including micrinites) have the highest free radical concentra­
tion and exinites have the lowest. The results of two groups of workers are
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plotted in Fig. 11. The free radical concentration at any chosen carbon content 
increases with decrease in non-aromatic material in the molecule and in total 
hydrogen, which is further evidence that the free radical concentration depends 
on the delocalisation stability afforded by the aromatic ring clusters.
The line widths found for macerals (Austen 1958 ; Smidt 1960 ; de Ruiter 
& Tschamler 1961a) are also in general but not complete agreement with the 
explanation given in Section (4*1-2) ; the vitrinites have A/A values a little 
higher than the exinites, while the inertinites have lower values, especially at 
about 90 % vitrinite-carbon content. The increase in size of the aromatic ring
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clusters and hence the greater exchange interaction (described in Section 2-2) 
as well as the lower total hydrogen content can account for the narrow line 
widths of the inertinites, but it is not understood why exinites have lower A/A 
values than vitrinites.
(4-3) Effects due to Heat Treatment
This section is concerned with the ESR spectra o f coals carbonised at tempera­
tures up to 600°C. The conditions of carbonisation and ESR measurement 
are important when considering the spectra of chars and therefore a comparison 
of different workers’ results is often difficult. The results obtained by Austen 
and co-workers for one coal, and the results obtained by Smidt and van Krevelen 
for a range of coals, will be discussed. Generally, the effects of carbonising 
temperature on the free radical concentration and line width are similar to the 
effects of coalification. The maximum free radical concentration and minimum 
line width occur at approximately 550°C.
(4-3-1) Free radical concentration.—Figure 12 summarises the results 
obtained by Austen & Ingram (1958a) for a 90%-carbon coal heated under 
various conditions. Curves (a) and (b) show the radical concentration when 
the coal was heated in an atmosphere of its own decomposition products for 
20 minutes and for 4 hours respectively and measured in air, whilst curve (c) 
shows the radical concentration when the coal was heated for 4 hours in vacuo
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and measured in vacuo ;  all the measurements were made at room temperature. 
Curves (a) and (b) show that prolonged heating at constant temperature is 
necessary before the maximum free radical concentration is reached. Similarly, 
van Krevelen & Schuyer (1957) reported that with a coking coal the maximum 
weight loss is attained only on heating at constant temperature for several 
hours. Further, the temperature region (400°—550°C) in which volatile 
matter begins to be lost rapidly corresponds to the rapid increase in free radical 
concentration. This suggests that there should be a correlation between weight 
loss and free radical concentration. Austen (1958) found that for a 90%- 
carbon coal the graphs of free radical concentration measured in vacuo, and of 
volatile matter lost per unit weight of char, both plotted against temperature 
of heat treatment, were identical in shape. Thus, for this coal there is a direct 
relation between the amount of volatile material evolved from the coal and the 
number of stable free radicals in the residue.
The apparently higher free radical concentration associated with coal 
carbonised in vacuo, curve (c), is due to elimination of the oxygen effect, which 
is discussed in Section (4-5). When coal is carbonised under its carbonisation 
products, cooled, left open to air, then evacuated and measurements made 
in vacuo, a similar free radical concentration is obtained to that when the coal is 
carbonised in vacuo and measurements made in vacuo (Austen 1958). Thus the 
effect of oxygen upon the free radical concentration measurements can justifiably 
be considered separately from that of carbonisation.
Measurements have been made on coal at elevated temperature, during 
carbonisation, by Austen, Ingram & Tapley (1958) ; the coal was carbonised 
in vacuo in the resonance cavity at temperatures up to 600°C. The free radical 
concentrations obtained in this way were identical with those obtained at room 
temperature in vacuo, which indicates that the free radical concentration ob­
served on cooling to room temperature constitutes the total number of stable 
radicals formed on carbonisation. Radicals unable to acquire stabilisation must 
be very short lived and they are not observed by the ESR spectrometer. This 
evidence supports the theory that the stable free radical concentration is 
dependent only on the size and number of aromatic ring clusters, as these 
provide the delocalisation energy which stabilises the radicals.
The variation of free radical concentration with carbonising temperature 
has also been investigated by Smidt & van Krevelen (1959), but for a range of 
vitrains and under conditions different from those used by Austen. The coals 
were ground to pass a 300 mesh sieve and heated in vacuo to temperatures from 
200° to about 600°C at a rate of 3°C/min. Free radical concentrations per 
gramme of original coal were determined at the temperature of carbonisation 
at 5-min intervals. The results of Smidt and van Krevelen are shown in Fig. 
13 and indicate that for the majority of coals the variation of free radical 
concentration with temperature of carbonisation is similar to that observed by 
Austen & Ingram (1958a). That is, the radical concentration is approximately 
constant up to about 400°C, rises rapidly to a maximum at about 550°C, and 
then decreases rapidly. However, the vitrains of very high- and very low-rank 
(> 95  % carbon and < 72%  carbon) showed little variation in radical concentra­
tion with carbonising temperature. Smidt & van Krevelen (1959) compared 
the ratio of the maximum number of free radicals formed during carbonisation 
(nm) to the number of free radicals in the original coal (n0) for a range of vitrains. 
The results are shown in Table I.
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TABLE I
j . .  maximum number of radicals m the char (nm) . _  .Ratio o f  r  ~ —z—;------——= ■ , —- for a Range of Vitrainsnumber of radicals m original coal \n 0)
Carbon 
percentage 
of vitrain
71-7 75-9 80-2 85-8 86-9 88-4 90-2 91-4 93-7 95-1 96-5
rimMo 1-3 2-2 2-3 2-8 5-5 3-2 3-1 2*8 1-8 1-0 1-0
8 8 * 4 ° / o C
IO
8 6 - 9 %  C
8 0 - 2 %  C
2
0
1
2 0 0  4 0 0  6 0 0
T e m p e r a t u r e  : ° C
-
. ( 9 6 * 5 %  C  .
4 # *
1
95*1 % C  -
1 ! I
9 3 - 7 %  C
9 l - 4 7 o C
9 0 * 2 %  C
2 0 0  4 0 0  6 0 0
T e m p e r a t u r e : ° C
F ig . 13.
Variation o f Free Radical Concentration with Temperature o f  Carbonisation fo r
a Range o f  Highly-Vitrainous Coals when heated in vacuo at 3°C/min.
Smidt & van Krevelen (1959).
For complete details see Thesis (Smidt 1960).
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The ratio nm/n0, which is a measure of the change occurring on carbonisation, 
follows the general pattern of caking properties of vitrains, the maximum 
occurring in the range 86-90% carbon content.
For the higher medium rank coals (> 86  % carbon) the relation observed by 
Austen (1958) between the weight loss on carbonisation and the free radical 
concentration of the residue appears to be in agreement with the observations 
of Smidt and van Krevelen. Very high-rank coals ( >  95 % carbon) are highly 
aromatic in structure and are thermally stable up to about 600°C so that it is 
understandable that there is little or no change in the radical concentration 
on heating. The results for the 71-7%-carbon coal (Fig. 13) are not so easily 
understood. In this case, the amount of material lost from the coal is certainly 
no measure of the number of radicals in the residue.
The rapid decrease in free radical concentration between 500° and 6Q0°C 
corresponds to the start of a marked increase in electrical conductivity (Cannon, 
Griffith & Hirst 1944). At these temperatures the individual aromatic ring 
clusters join together to increase the size of the aromatic layer planes in the 
chars, leading to charge transfer between layers.
(4*3-2) Line width.—Owing to the oxygen effect, measurements of A H i 
on carbonised coals in air were found by Austen (1958) to be unreliable and 
therefore only AHx values measured in vacuo were recorded. The graph of 
AHx versus carbonising temperature for a 90%-carbon coal, shown in Fig. 
14, has a shape similar to that showing the variation of AiA with coalification
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Variation o f  line width ( A Hx) with Temperature o f  Carbonisation fo r  a 90 %- 
carbon Coal {South Garesfield, Victoria).
Austen & Ingram (1958a).
(Fig. 9). The contributions of the various line-broadening phenomena are 
also thought to be similar to those for coalification. Up to 400°C hyperfine 
interactions between the unpaired electrons and hydrogen nuclei are responsible 
for the line width ( A Hx) of about 10 gauss. Between- 400° and 570°C loss of
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hydrogen and hence a reduction in the number of hyperfine interactions appears 
to be the main factor affecting A/A, while the more complex phenomena of 
T2 relaxation broadening and exchange narrowing exert an increasing influence 
towards the higher temperature. Above 570°C the increase in A H i is due 
mainly to Tx relaxation. This increase in A H$ corresponds to the sharp 
increase in the electrical conductivity of chars produced in this temperature 
region (Cannon et al. 1944).
Smidt & van Krevelen (1959) recorded the line widths (A i^ )  of the 
carbonised vitrains used to compile Table I and these are shown in Fig. 15.
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For complete details see Thesis (Smidt 1960).
The low-(<76%  carbon) and high-(>94%  carbon) rank coals do not show the 
characteristic decrease i n ' A  Hx in the 400°-600°C region. In fact the line 
widths increase steadily with increase in the temperature of carbonisation. 
This can be explained by Tx relaxation. Tx relaxation times decrease with 
increase in temperature. Consequently, for coals with short Tx relaxation 
times (about 10'7s) the temperature at which ESR measurements are made 
critically affects the line width of the ESR spectrum. Therefore it can be seen
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from Fig. 10 that the very low-(<76 % carbon) and very high-(>94%  carbon) 
rank coals will be most susceptible to increase in line width with increase in the 
temperature of measurement. The curves shown in Fig. 15 are in good agree­
ment with this theory, the curve for the 96*5 %-carbon coal having the greatest 
slope. Also the slopes of the curves for the 75-9%- and 95-1 %-carbon coals 
are less than for the 71*7 %- and 96-5 %-carbon coals respectively.
The coals with carbon contents between 80 and 94 % do show the charac­
teristic decrease in A a t  temperatures between 400° and 600°C. However, 
there is a tendency for the minimum value of A/A to occur at an increasingly 
higher temperature with increase in carbon content of the coals. This is 
additional evidence that the decrease in A Hx is due to a reduction in the number
3
of hyperfine interactions, as the thermal stability of coals increases with rank. 
The minimum value of approximately corresponds to the temperature of 
maximum free radical concentration. This suggests that the free radical 
concentration reaches a maximum when T2 relaxation and exchange narrowing 
become the dominant factors influencing A Hr.. The apparent or real decrease 
in the free radical concentration and the increase in A Hx occur when Tx relaxa­
tion begins to have a significant effect on the shape of the absorption line.
Smidt & van Krevelen (1959) reported the temperatures (of carbonisation 
and ESR measurement in vacuo) at which the line widths of the range of coals 
started to increase because the Tx relaxation times became less than 10'7 s. 
These are shown in Table II.
TABLE H
Temperature beyond which Tx noticeably influences AfZ^
Carbon percentage of vitrain 80-2 85*8 86-9 88-4 90-2 91-4
Temperature, °C 490 550 540 570 570 580
50
4 0
-  3 0
2 0i—
4 0 0 5 0 0200 3 0 0O IOO
T em p era tu re  : °C
F ig . 16.
Variation o f  Spin-Lattice Relaxation Time (7\) {measured in vacuo) with Tem­
perature o f  Carbonisation for an SS-4 %-carbon Coal.
Smidt & van Krevelen (1959).
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The temperatures correspond to the minimum values of A s h o w n  in 
Fig. 15. The graph, compiled by Smidt & van Krevelen (1959), of Tx relaxation 
times (measured in vacuo) versus temperature of carbonisation for the 88-4%- 
carbon vitrain is shown in Fig. 16. Unfortunately, they were unable to make 
measurements of Tx above 500°C, but a marked decrease in Tx is clearly seen 
above 400°C. The temperature of 400°C corresponds to the temperature at 
which the free radical concentration starts to increase for this coal (Fig. 13). 
Thus it appears that Tx relaxation times are a measure of the increase in size 
o f the aromatic layer planes in chars.
(4-4) Summary o f  Sections (4-1) to (4-3)
In view of the complexity of the discussion in these sections and the variety of 
evidence, it has been thought necessary to summarise in Table III the various 
points established in the immediately preceding pages.
An even briefer resume of the possible interactions in coals and their 
effects on the line width of the spectrum, discussed in Sections (1-1) and (2-3), 
is first given as a reminder.
Hyperfine interaction (electron-proton interaction) : causes line broaden­
ing. Spin-lattice interaction : line broadening, inversely proportional to
relaxation time Tv  . Spin-spin interaction : ‘ line broadening, inversely 
proportional to relaxation time T 2. Exchange interaction : causes line
narrowing.
See Table III overleaf.
The free radical concentration thus depends on :
(a) for vitrains : Ra until electrical conductivity (charge transfer) causes 
fall.
(b) for macerals : Ra.
(c) for carbonised coals : Ra, fall 500° to 600°C due to charge-transfer 
and onset of conduction.
The line width depends on :
(a) for vitrains : electron-proton interaction over constant region up to 
90 % C  (above 90% C this (a cause of broadening) decreases) ; T2 
broadening and exchange narrowing towards 95 % C ; Tx broadening 
due to conduction above 96 % C.
(b) for macerals : electron-proton interaction ; high Ra, hence exchange 
interaction, narrows for inertinite.
(c) for carbonised coals : (1) With caking coals—electron-proton inter­
action (controls) to 400°C ; above 400°C electron-proton interaction 
(is reduced) ; at temperatures approaching 570°C, T 2 broadening and 
exchange narrowing; above 570°C, broadening due to Tx (conductivity).
(2) With coals < 76%  C and > 9 4 %  C—fall of Tx (initially small) on 
heating causing broadening that steadily increases on heating.
(4-5) Effect o f  Paramagnetic Adsorbates
When examined in vacuo certain coals and chars give enhanced ESR signals 
(Ingram & Tapley 1955 ; Uebersfeld & .Combrisson 1955). This effect is 
due to the removal of sorbed oxygen from the samples. Other paramagnetic 
gases, such as NO and C102, have been shown to give similar effects (Austen 
1958). The reduction in intensity of the signal was found to be proportional 
to the partial pressure of the paramagnetic gas, whereas measurements made in
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TABLE HI
Brief Recapitulation of Evidence on Free Radicals
Key
F R = free radical A /7i=line width
3
Ra (for convenience ; not in text)= mean number of aromatic rings 
in a fused-ring cluster
Material Parameter Observation Explanation
Coals
(mainly
vitrains)
(Section
4-1)
FR concn FR concn v. % C and Ra v. 
% C give similar curves. 
>94% C, FR concn falls 
rapidly.
Stabilisation by aromatic ring 
systems.
Large Ra allows charge trans­
fer between molecules, con­
duction band.
<90%  C, A /fi ~  10 gauss.
>90% C and
<96%  C, A //a decreases.
>96%  C, AH \ increases 
rapidly.
Hyperfine interaction (elec­
tron-proton) broadens line. 
Complex situation : Reduced 
hyperfine interaction because 
less hydrogen ; exchange 
narrowing ; T2 broadening. 
T i broadening, conduction 
band.
Macerals
(Section
4-2)
FR concn Inertinite>vitrinite>exinite FR concn parallels Ra ; sta­
bilisation by rings.
A H i Inertinite< exinite, vitrinite. 
But exinite <  vitrinite
Decreasing hyperfine inter­
action because less hydrogen; 
greater Ra causes greater 
exchange narrowing. 
Apparent exception.
Carbonised
coals
(Section
4-3)
FR concn During carbonisation and 
after quenching identical.
For 90%-C coal only,
FR concn v. temp, and 
VM loss v. temp, similar 
curves.
Constant below 400° C. 
Increase above 400°C (88%-C 
coal) ; T-l decreases.
Max. in region 550-600°C. 
Rapid decrease above 600°C.
FR (max)/FR (20°C) : max. 
86-90%-C coal.
Only stabilised FR concn 
measured ; unstabilised quick­
ly removed.
Not known.
No structural change.
T i is a measure of Ra.
Increase in Ra.
Loss of FR due to further Ra 
increase, charge transfer, con­
duction band.
Not known.
A Hx Min. at 570°C (90%-C coal).
<76% -C and >94%-C coals 
A/7i v. temp, curve rises 
steadily.
Temp, of A # i min. increases 
with % C increase o f coal. 
Temp, o f AH \ min. is similar 
to temp, of FR concn max.
Hyperfine interaction (elec­
tron-proton) constant up to 
400°C, reduced above 400°C. 
T2 broadening and exchange 
narrowing towards 570°C. 
Above 570°C T j (initially long) 
broadening, onset of conduc­
tivity.
Tx broadening (Tr initially 
short, see Fig. 10).
Controlled by hyperfine (elec­
tron-proton) interaction.
FR decrease and A/7i increase 
both dependent on 7V
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diamagnetic gases, such as N 2, A and C l2, gave results similar to those made 
in vacuo (Austen 1958). The effect of paramagnetic substances on the ESR 
signal is known as the oxygen effect regardless of the nature of the paramagnetic 
substance.
(4-5-1) Oxygen effect.—The mechanism of the oxygen effect is complex 
and no complete explanation has been reported. Austen & Ingram (1956) 
observed two extreme types of oxygen effect and these are shown in Figs. 
17a and b.
Co y y v -
 _ »
a) T T T ~ v ~
F ig . 17.
The Two Oxygen Effects as the Partial Pressure o f  the Paramagnetic Gas is
Increased.
(a) Constant Area under the Absorption Line with Increase in Line Width.
(b) Decay o f  the Area under the Absorption Line with Constant Line Width.
Austen & Ingram (1958a).
Figure 17a shows the line width increasing with increase in partial pressure 
of the paramagnetic gas, the area under the absorption line remaining constant. 
This type of oxygen effect can be explained by physical interaction. The pre­
sence of a paramagnetic gas can aid spin-lattice relaxation processes and in 
certain conditions the line width can be increased.
The other extreme type of oxygen effect is when the area under the absorp­
tion line apparently or really decreases with constant line width as shown in 
Fig. 17b. Austen & Ingram (1956) suggested that this type of oxygen effect 
could be explained by chemical interaction involving the formation of a radical
of the type — ROO. That is, one of the two unpaired electrons of the oxygen 
molecule combines with the unpaired electron in the paramagnetic sample to 
form some kind of chemical bond. As paramagnetic gases with only one 
unpaired electron, such as nitric oxide, give the same effect as oxygen, it is 
thought that the remaining unpaired electron on the oxygen molecule gives an 
ESR signal which is so broad that it cannot be observed. The loss in area under 
the absorption line is thus explained by chemical interaction, destroying free 
radicals. However, the oxygen effect is readily reversible (i.e. the original 
ESR signal is obtained on evacuation) and the formation of a chemical bond 
must be considered doubtful.
Therefore, Austen (1958) postulated an alternative physical interaction 
to account for the real or apparent loss of area under the ESR absorption line 
(Fig. 17b) : that some free radicals interact with a paramagnetic gas to a much 
greater extent than others, so that Tx relaxation broadens the signal from some 
radicals more than others. Extreme broadening results in some free radicals 
being unobservable in the ESR signal, thus giving an apparent loss of radicals. 
As long as a considerable fraction of the radicals is Little affected, and the
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differences in Tx for the other radicals constitute a gradual change, a symmetrical 
signal of approximately constant A/A should result.
The differences between free radical concentrations and line widths mea­
sured in air and in vacuo, as shown in Figs. 8 and 9, can be explained by physical 
interactions. From  Figs. 8 and 9 it can be seen that the oxygen effect occurs 
in coals of between 92 and 96-5% carbon content. In this carbon content 
region the Tx relaxation times are critical, any change in Tx causing an appreci­
able change in the line width (as described in Section (4-1-2) for the variation 
of AH± with percentage carbon). The effect of oxygen on spin-lattice relaxa­
tion is shown in Fig. 10, Tx being larger for measurements made in vacuo than 
for measurements made in air. The narrowing of the line width on evacuation, 
shown in Fig. 9, is thus caused by an increase in Tv  The apparent or real 
increase in free radical concentration on evacuation, shown in Fig. 8, can be 
explained by Austen’s theory described above. That is, some of the free 
radicals present cannot be measured in air by ESR because of extreme Tx 
broadening due to the presence of oxygen. The anthracite containing 96-5% 
carbon showed the maximum free radical concentration only when heated to 
200°C in vacuo (Smidt & van Krevelen 1959) ; this degassing process was 
presumably necessary to remove the oxygen. Generally the oxygen effect found 
in coals results in ESR spectra of an intermediate type between the two extremes 
shown in Fig. 17a and b, oxygen both broadening the line and decreasing 
the measured free radical concentration. Similar reasoning can explain the 
oxygen effects found for heat-treated coals.
Garifyanov & Kozyrev (1956a) and van Gerven et al. (1956) made ESR 
measurements in air on pieces of anthracite and on pulverised anthracite, and 
found that on pulverising the ESR signals were greatly reduced. These results
200ioo
■1809 0
1608 0
7 0
-  120
o 50
4 0
6 03 0
4 02 0
20
80 I O O70 90
°/o C a r b o n
F ig . 18.
Aromatic Surface Area SA and Maximum Inherent Moisture Content M  versus 
Carbon Percentage, where M  is based on Measurements by Dulhunty (1950) 
and Dunningham (1944), SAj is due to van Krevelen & Schuyer (1957), and s a2 
is based on the Average Layer Diameter determined by Hirsch (1958)
Smidt & van Krevelen (1959).
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indicate the importance of the surface area available to the paramagnetic gas. 
The accessibility of the unpaired electrons in the coal or carbonised coal to the 
paramagnetic gas depends on two factors : the size of the delocalised orbit 
of the free radical and the effective internal surface area exposed to oxygen. 
Smidt & van Krevelen (1959) constructed a graph (Fig. 18) relating qualitative 
equivalents of these two properties with rank. They used the maximum 
inherent moisture content, based on measurements of Dulhunty (1950) and 
Dunningham (1944), as a qualitative measure of porosity (the assumption, not 
necessarily true, has been made that porosity is a measure of the effective 
surface area exposed to oxygen) and for aromatic surface area (of an average 
cluster in the molecule) the results of van Krevelen & Schuyer (1957) and 
Hirsch (1958). It is seen from Fig. 18 that between 80% and 90% carbon the 
porosity and the size of the aromatic ring clusters in coals are near their lowest 
values. This corresponds to the region where there is little or no difference 
between the free radical concentration versus rank and AHx versus rank curves 
as measured in air and in vacuo, i.e. there is no oxygen effect. The oxygen 
effect reaches a maximum at about 95% carbon where measurements made 
in vacuo give much higher free radical concentrations, and much lower A 
values. In this region the size of the aromatic ring clusters rises rapidly and 
the porosity is greater than the minimum value at 89 % carbon.
De Ruiter (1962) has utilised the oxygen effect to measure the rate of 
penetration of oxygen into the pore systems of a 92-4 %-carbon fusain. Oxygen 
was driven from the fusain by heating in air to 175°C for 15 s and then the decay 
of the ESR signal, as a function of time, was measured at different fixed tem­
peratures. At 160° and 120°C the ESR signal measured in air rapidly decayed 
to a constant level but at room temperature the ESR signal was still decaying 
after 4 hours. The results obtained by de Ruiter are difficult to interpret in 
terms of the internal physical structure of the fusain, but they do indicate the 
possibilities of utilising ESR to study pore structure. However, such investiga­
tions are limited to materials which undergo the reversible oxygen 
effect.
(4-5-2) Irreversible effect o f  oxygen.—The oxygen effect described so far 
is a reversible ESR effect. However, oxygen may react with coal to give an 
irreversible ESR effect (Ingram 1956b ; de Ruiter & Tschamler 1959). De Ruiter 
& Tschamler found that on heating a finely-ground bituminous coal of 84% 
carbon to 175°C in air for a few minutes the free radical concentration increased 
considerably ( AHx remained constant). However, heating for long periods (up 
to 100 hours) caused the free radical concentration to decrease below the original 
concentration ( AHx decreased from 8-0 to 6-0 gauss). After the coal had been 
acetylated, heating in air as before produced very little increase in free radical 
concentration and the final free radical concentration after heating for 100 hours 
was the same as for the unacetylated coal. ( AHx was constant at 6-0 gauss). 
The results obtained by de Ruiter & Tschamler were extremely dependent on 
particle size. De Ruiter & Tschamler suggested that the increase in radical 
concentration was due to the oxidation of hydroxyl groups to resonance-stabil­
ised semiquinone structures, the fall on further heating being ascribed to 
oxidative degradation (Ingram 1956b). De Ruiter & Tschamler (1961b) later 
repeated the above experiments using a wide range of coals and obtained similar 
results.
227
f
(4*6) Other ESR Measurements
(4-6-1) In concentrated sulphuric acid.—De Ruiter & Tschamler (1959, 
1961a) found that the intensities of the ESR signals of coals were considerably 
increased when measurements were made in concentrated sulphuric acid. The 
increase was explained by the formation of singly-charged aromatic positive 
ions. When the coal samples were washed free of the sulphuric acid, the 
ESR signal intensities returned to their original values, and in this respect the 
action of concentrated sulphuric acid is similar to the oxygen effect. Macerals 
varied in their behaviour on treatment with concentrated sulphuric acid, the 
most notable differences being between the vitrinites and the micrinites. When 
treated with concentrated sulphuric acid the apparent free radical concentra­
tions of the vitrinites varied with rank qualitatively in the same way as before 
treatment, but the absolute free radical concentrations were approximately 
ten times as great ; the AH± values were unaffected. On the other hand the 
micrinites showed an increase in free radical concentration of only about five 
fold, irrespective of carbon content, and A f/i decreased to approximately 
half its original value.
(4-6-2) Irradiation.—No large changes in the ESR absorption spectra 
of coals as a result of irradiation have been reported. Friedel & Breger (1959) 
pile-irradiated five coals of different rank. No change in free radical concen­
tration was found for the low-rank coals, but the higher-rank coals (89-3% 
and 90-5 % carbon) showed increases of 80% and 32% respectively.
Brown & Pitt (1964) irradiated two coals of 81% and 86% carbon with 
mono-energetic 2 MeV electrons and found there was no significant change in 
the ESR spectra. Other properties of the un-irradiated and irradiated coals 
were measured and likewise no significant changes were observed. Bent & 
Brown (1958) reported a small increase in the free radical concentration of a 
89-7 %-carbon coal after UV irradiation from a mercury arc.
(4-6-3) Reduction.—When four coals (carbon contents 81-8, 84-5, 90-2 
and 94%) were reduced with lithium in ethylamine, infra-red studies showed 
that the aromatic ring systems had suffered considerable hydrogenation especi­
ally with the 84-5%- and 90-2 %-carbon coals. Austen & Ingram (1958b) 
made ESR measurements with these reduced coals and found that, whereas 
there was only a small decrease in the free radical concentration for the 81-8 %- 
and 94 %-carbon coals, there was more than a 50% decrease in the 84-5%- 
and 90-2 %-carbon coals. The decreases were qualitatively related to the amount 
of hydrogenation as determined by infra-red studies, which supports the evi­
dence given earlier that the free radicals are associated with the aromatic systems 
in coals.
(4-6-4) Solvent extraction.—ESR measurements have been made on 
various solvent extracts of coals (Austen & Ingram 1958b). Generally, the 
free radical concentrations were lower than in the original coal. The free 
radical concentration of an extract of any given coal was found to be related to 
the extracting power of the solvent and the yield of the extract, but the results 
showed poor reproducibility.
(5) Conclusions
Much of the work on the ESR of coals and chars has been undertaken at two
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research centres : at the laboratories of the Dutch State Mines under 
van Krevelen and at the University of Southampton under Ingram (spon­
sored by the B.C.U.R.A.). From the ESR studies of these and other workers, 
information about the nature of the unpaired electrons present in coals and chars 
has been obtained. The main conclusions reached are summarised below :
(1) The ESR spectra of coals and chars have been shown to be derived 
from free radicals which constitute part of the organic structure of the coal or 
char. Present evidence supports the view that the unpaired electrons are 
stabilised in large delocalised orbits associated with the aromatic systems in 
the coal or char. The line widths of the ESR spectra indicate that the orbit 
of the unpaired electron embraces the nuclei of both aromatic and aliphatic 
hydrogen which constitute part of the structure of the free radicals. The 
structures of the free radicals are complex and numerous and it is doubtful 
whether their precise structures will ever be ascertained.
(2) The free radical concentration and the line width of the ESR spectrum 
are the two main ESR parameters studied. Both these parameters depend on 
the rank of the coal and, for a char, also upon the temperature of carbonisation. 
(The concentration of free radicals varied from approximately one unpaired 
electron per 800 carbon atoms to one per 4000 over the range of British coals.)
There is a marked similarity between the changes of free radical concen­
tration with coal rank and with temperature of carbonisation. There is also a 
corresponding resemblance between the variations of line width with rank and 
with temperature of carbonisation. Three distinct regions are observed with 
both these types of change.
(i) For coals of up to about 90% carbon content and for chars heated to 
400°C the free radical concentrations and line widths do not change appreciably, 
thus indicating the stability of the structures stabilising the unpaired electrons.
(ii) For coals above 90 % carbon content and chars heated to above 400°C 
the free radical concentration increases to a maximum, while the line width 
decreases to a minimum. The maximum in free radical concentration and the 
minimum in line width occur for the coal at about 94 % carbon and for the char 
at a heat-treatment temperature of about 570°C. The increase in free radical 
concentration is associated with the increase in size and number of the aromatic 
ring clusters which stabilise the unpaired electrons. The decrease in line 
width is explained by the decrease in total hydrogen, which occurs for coals 
above 90% carbon and for chars heated above 400°C, as there will be less 
hyperfine. interaction with the hydrogen nuclei. Thus ESR evidence confirms 
what is known from other evidence, that coalification and carbonisation pro­
cesses both involve the loss of hydrogen-rich material with a concomitant 
increase in the size of the aromatic ring clusters.
(iii) For coals above 94 % carbon content and chars heated above 570°C 
the free radical concentration apparently decreases rapidly, while the line 
widths increase rapidly. These changes can be explained by the gradual 
increase in the size of the aromatic layer planes in coals and chars to a stage 
when the materials become conducting. The increase in size of the aromatic 
layer planes can be followed by a third ESR parameter, the spin-lattice relaxa­
tion time, 7\. In some chars the early stages of ordering can clearly be detected 
at temperatures just above 400°C.
(3) Certain coals and chars, i.e. coals between 92% and 96-5% carbon, 
and chars prepared at temperatures between 400° and 700°C, show enhanced
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ESR signals when the paramagnetic gas oxygen is removed from the coal. 
The effect of oxygen is not completely understood although several theories have 
been proposed. Since the accessibility of the internal structure of the coals and 
chars affects the diffusion of gases into the body of the particles, attempts have 
been made to utilise the oxygen effect to give information about physical 
structure ; but so far there has been little work published on this aspect of 
ESR.
Because of the lack of detail in the spectra ESR is somewhat limited in 
its applications to coal and associated materials, but it is nevertheless a powerful 
spectroscopic method, the potential of which has not yet been fully explored 
in relation to coal research. The ESR investigations into the processes of 
coalification and carbonisation have already yielded useful information about 
the changes that occur in the coal and char structures, and when the mechanisms 
of the oxygen effect and associated phenomena are more fully understood they 
may prove to be useful in physical-structure investigations.
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L O N D O N
ESR of Rapidly Heated Coals
R. L. B o n d , W. R. L a d n e r  a n d  R. W h e a t l e y
Free radical concentrations have been calculated from  ESR spectra o f  coal chars prepared by  
various heat-treatments in the range 400° to 950°C. The apparent maximum free radical 
concentration fo r chars prepared by rapid heating for 70 ms occurs at a heat-treatment 
temperature approximately 200 deg.C higher than that for chars prepared by slow heating.
C o a l  chars contain a relatively high concentration of extremely stable 
unpaired spins C*—'1019 spins/g), which are generally thought to be present 
as free radicals and to be stabilized by the large aromatic systems present 
in these materials1. For chars prepared from a range of coals by a variety of 
relatively slow heat-treatments (heating rates of a few deg.C/min), the 
number of free radicals in a particular char is known to depend on the parent 
coal and on the conditions and temperature o f heat-treatment used to prepare 
the char1-3. The concentration of free radicals has been found to increase 
with heat-treatment temperature (HTT) to an apparent maximum which 
occurs in the range 500° to 600°C, while further increase in the HTT causes 
an apparent decrease in the radical concentration.
It is believed that as the HTT increases, the size and number of the aromatic 
ring clusters increase thus allowing more unpaired electrons to be stabilized. 
However, on further increase in HTT a stage is reached where the unpaired 
electrons become so delocalized that the char becomes electrically conducting 
and the measured free spin concentration decreases rapidly. This apparent 
decrease in free radical unpaired electrons is believed to occur because they 
become part of the conduction band, and also because of the concomitant 
reduction in the loaded g-factor of the measuring cavity.
Under conditions of very rapid heating (-—'104 deg.C/s), as occur in the 
combustion o f pulverized fuel, it has been shown that some coals of small 
particle size evolve up to half as much volatile matter again as is obtained 
under slow heating conditions4. As a relation between volatile matter and 
free radical content has been found5 for chars prepared by slow heating, it is 
likely that the number and nature of the unpaired spins in a char also may be 
affected by the rate of heating used in its preparation. In the work reported 
here the ESR signals obtained from chars prepared by rapid heating are 
compared with those obtained from chars prepared by slow heating. Since it 
is well known that molecular oxygen can affect the ESR spectra of coal chars, 
comparative measurements have been made in the presence and absence 
of air.
EXPERIMENTAL
Chars were made from size-graded samples of the two coals listed in Table 1.
The rapidly heated chars were prepared by passing the sized coal particles
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through a vertical tube furnace4 held at various temperatures in the range 
400°. to 950°C; the particles were carried through the furnace in a laminar 
flow of preheated nitrogen. The particles reached the gas temperature in about 
20 ms and could be held at that temperature for predetermined times. In 
this present study residence times of 30 and 70 ms were used. After the 
particles had passed through the hot zone of the furnace they were rapidly , 
quenched in a water-cooled probe and collected via a cyclone.
Table 1. Analyses o f  coals
Median Moisture VM Ash Fixed carbon
NCB Coal diameter V V V V
Rank Code (micron) {Air dry basis') {D ry basis) {Dry basis) {D ry basis)
802 22 5-2 36-1 3-0 , 60-3
301b 25 1-1 24-6 2-4 73-0
The slow heat-treatments were carried out under an atmosphere o f nitro­
gen in a horizontal electric furnace. The coal was placed in a silica boat in the 
furnace which, after flushing with nitrogen, was heated at 1J deg.C/min up 
to temperature and held at the final temperature for an hour. Slight agglo­
meration of the particles sometimes occurred on slow heating but they were 
easily separated by mild agitation. The horizontal furnace was also used to 
reheat slowly, using the above procedure, some of the chars prepared by 
rapid heating.
Char samples o f constant bulk volume, which weighed between 10 and 
60 mg, were prepared in thin walled glass tubes for the ESR studies. ESR 
measurements were made in air before carrying out the evacuation pro­
cedure, which was as follows: the sample tube containing the char was 
gradually pumped down to a pressure o f 10~6 torr, heated to 200°C over a 
period of 24 hours and then held at 200°C for one hour at a pumping pressure 
o f 10-6 torr. After cooling, the sample was isolated from the pumping system 
for an hour, during which time it was checked that the pressure above the 
sample did not rise above 10-4 torr. The sample tube was then re-connected 
to the pumping system and sealed off when the pumping pressure was steady 
at 10-6 torr.
The ESR measurements were made at ambient temperature using a 
low-resolution 3 cm ‘balanced bridge’ spectrometer with phase-sensitive 
detection. The samples were examined in an adjustable H 012 cavity with an 
unloaded g-factor of about 2000; this was only slightly altered by the 
presence of electrically non-conducting chars. However, for chars prepared 
at high HTT, i.e. beyond apparent maximum free radical concentration, the 
g-value fell markedly (as mentioned at the outset) thus making quantitative 
free radical measurements less reliable in these regions, which are shown by 
broken lilies in the accompanying diagrams. To allow quantitative estimates 
of free radical concentration to be made by measuring the area under the 
absorption curve, provision was made for integrating the first derivative
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spectrum produced by the phase-sensitive detector. The spectra of several 
char samples were drawn over a range of microwave power levels, but 
saturation was not observed for these samples even at maximum available 
power. However, as a precaution against possible saturation all the measure­
ments reported here were made at a constant power level attenuated well 
below the maximum. The absolute free radical concentrations were calculated 
by comparison with a standard coal sample whose free radical concentration 
had previously been estimated by reference to the stable free radical diphenyl- 
picrylhydrazyl.
RESULTS AND DISCUSSION 
The free radical concentrations are plotted in Figures 1 and 2 as a function 
of HTT for samples o f the two coals (listed in Table 1) when subjected to the 
various heat-treatments described in the preceding section.
The apparent maximum free radical concentration measured in air and 
in vacuo for the char samples prepared from both coals by rapid heating
70 ms
30 ms
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Figure 1. Free radical content o f  chars preparedfrom CRC 802 coal 
by various heat-treatments in the range 400° to 950°C. (a) measure­
ments made in air, (b) measurements made in vacuo, x raw coal. 
O, #  rapid heating to temperature, residence times at temperature 
30 and 70 ms respectively. A. slow heating to temperature (1} 
deg.Cjmm), held at temperature fo r one hour. ■  sub-samples o f  %  
reheated slowly
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Figure 2. Free radical content o f  chars prepared from  CRC 301b 
coal by various heat-treatments in the range 400° to 950°C.
(a) measurements made in air, (b) measurements made 
in vacuo. Symbols as for Figure 1
occurs at a HTT considerably higher than that for slow heating. For example, 
for the chars prepared at 70 ms and 30 ms heating times from the CRC 802 
coal, the maximum free radical concentration occurs at temperatures approxi­
mately 175 deg. and 250 deg.C higher respectively than for the chars prepared p 
by slow heat-treatments [see Figures 7(a) and 7(b)]. Therefore, a short heating 
to a high temperature followed by quenching can produce chars with free 
radical concentrations similar to those obtained from longer heating at a 
lower temperature.
When the chars prepared by rapid heating were reheated slowly to the 
same HTT and heat-soaked for one hour they were found to contain approxi­
mately the same number of unpaired electrons as the chars obtained by slow 
heating. [The spin concentration for the reheated chars from the CRC 802 
coal are represented by the solid squares on the curves in Figures 7(a) and
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7(b).] A similar effect was found for chars prepared from the CRC 301b coal 
when the heat-soak time was only 15 minutes.
Degassing the char samples considerably enhances the ESR signal but 
the resulting graphs, shown in Figures 7(b) and 2(b), are of the same basic 
shape as those in Figures 7(a) and 2(a) which show the results of measure­
ments made in air. Degassing also had the effect of narrowing the line widths 
(A77i) of the spectra; these were in the range 7 to 12 gauss for chars measured 
in air and in the range 5 to 10 gauss for the evacuated samples.
As it may be computed that, even under these rapid heating conditions, 
there is only a small temperature difference between the centre and the 
surface of the particle, the possibility that the shifts in the maxima are 
due to non-uniform heating is unlikely. They are more probably due to the 
fact that the rates of the decomposition reactions and of diffusion of the 
products out of the particles (a small quantity of yellow tar distilled from 
some of the samples during the degassing procedure) are not sufficiently 
fast to allow them to go to completion within the heating period.
As mentioned above, a broad relation between free-radical concentration 
and the residual volatile matter of chars prepared by slow heating has 
previously been found5 for the ascending parts of the free radical concentra­
tion versus HTT curves. In Figure 3 free radical concentrations measured
British S ta n da r d  VM, % dry bas i s
Figure 3. Relation between free radical concentration 
(samples measured in vacuo) and the British Standard 
Volatile M atter for chars prepared from  CRC 802 coal by  
both rapid and slow heating. Symbols as for Figure 1
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in vacuo for both slowly and rapidly prepared chars are plotted against their 
British Standard YM. The shape of the curves is similar to that of the free 
radical concentration versus HTT curves, i.e. as volatile matter is lost the 
free radical concentration gradually increases to a maximum and then falls 
sharply. It can be seen that the broad relation between the residual volatile 
matter and the free radical concentration applies to chars prepared by rapid 
as well as slow heating for the ascending parts of the free radical concentra­
tion versus HTT curves. Thus for a given volatile matter in the range 18 to 
38 per cent VM, chars prepared both by rapid heating and by slow heating 
contain structures capable of stabilizing equivalent numbers of free radicals. 
However, the differences in the maxima of the curves in Figure 3 for the slow 
and rapid heat-treatments show that there are definite structural differences 
between the chars; the apparent decrease in free radical concentration or the 
onset of electrical conductivity begins for the chars prepared by rapid 
heating when they still have a higher British Standard residual volatile 
matter than those prepared by slow heating. The reason for this is not under­
stood, but the CRC 802 coal does produce about 30 per cent more volatile 
matter (actually liberated) on rapid heating than with slow heating.
It may be concluded that for chars prepared by rapid heat-treatment the 
HTT corresponding to the maximum radical concentration is critically 
dependent on the duration of heating; whereas for chars prepared by slow 
heat-treatment it has been found2 that the duration of heating affects the 
intensity rather than the position of the maximum radical concentration.
Provided the duration of heating is sufficiently short, ESR can be used to 
study chars prepared well in excess of 800°C, i.e. in a temperature region 
where it is not usually possible to observe spectra from chars which have 
been prepared by slow heating. This may be of interest for studies of the 
chemistry of coal pyrolysis.
We should like to thank those colleagues who provided samples o f rapidly 
heated chars and the British Coal Utilisation Research Association for per­
mission to publish this paper.
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